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Abstract
Swirl is a common way to stabilize the flame in industrial and jet engine combustion
chambers. It provides a means by which the mixing of the fuel and oxidizer can be con-
trolled. The present study uses water to model the flow inside a combustion chamber, and
examine the mixing of a vortex with an axial jet. By excluding many of the parameters
involved in the study of combustible swirling flows, the basic mechanisms that affect this
simplified flow can be understood and quantified.
A swirl chamber is designed and constructed to model the flow inside a combustion cham-
ber. Using dimensional analysis, the swirl chamber is scaled to common combustion
chamber characteristics. The swirl number, Reynolds number and the jet to mainstream
momentum flux ratio are the primary non-dimensional numbers used. Laser Doppler
velocimetry is implemented to obtain one-dimensional, time averaged velocity profiles of
the flow in the axial and tangential directions. Particle image velocimetry is also used to
obtain two-dimensional velocity fields. The mixing between the jet and swirling flow in
the swirl chamber is quantified using flow visualization techniques. Finally, flow trends in
the one-dimensional velocity profiles are discovered for different boundary conditions.
The information gained from this study aids in understanding the basic phenomena of this
complex flow. Once the flow is better understood, more efficient combustors with reduced
nitrogen oxide emissions can be designed and constructed.
Thesis Supervisor: Douglas P. Hart
Title: Assistant Professor, Department of Mechanical Engineering
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Chapter 1
Introduction
Atmospheric pollutants such as nitrous oxide (NO) and nitrous dioxide (NO2) present a
threat to human health and the Earth's ecosystem [1]. These pollutants have been linked to
acute sickness, impairment of growth, alteration of important physiological functions and
impairment of athletic performance [2]. Because of this, emphasis has been placed on
reducing the emissions of nitrous oxides (NOx) before environmental changes become
irreversible, and the effects on personal health escalate. Two principal sources of NO x
emissions are jet aircraft engines and industrial burners. The goal of this research is to
investigate a method by which NOx emissions from these sources can be minimized.
1.1 Goals
Through the use of swirl, the rate of mixing between the fuel and oxidizer in a combustion
chamber can be controlled, thereby controlling the formation and reaction of NOx. How-
ever, the fundamental physics of this mixing process is poorly understood [3]. Therefore,
the elemental mechanisms that affect the mixing rate of two fluids under conditions of
swirl must be understood and quantified before combustion chambers with reduced NOx
emissions can be properly designed.
The goal of the present work is to understand the fundamental physics of the swirl
mixing process and how it differs from non-swirling processes. An investigation was
made of the changes in the velocity profiles of the primary and secondary flows in a simu-
lated coaxial combustor for different boundary conditions, thus providing insight into the
mechanisms which govern these complex flows. Water was used as the working fluid in
the simulated coaxial combustion chamber. With this simplified configuration, the effects
of varying the swirl and injection rates could be analyzed without the complications com-
pressible fluids introduced. In particular, one-dimensional and two-dimensional, time-
averaged axial and tangential velocity profiles were measured for different swirl rates, pri-
mary flow injection rates and axial positions. Using these measurements, the importance
of swirl and injection rate was explored. In addition, measurements of the mixing of the jet
and swirling flow for different swirl rates, primary injection rates and axial positions were
made, to aid in the understanding of the effects swirl and injection rate have on mixing.
The investigations presented in this thesis aid in understanding the fundamental mech-
anisms that influence the swirl mixing process. This understanding is an important first
step toward designing low emission combustion chambers.
1.2 Historical Research
Over the past several decades, swirl has become a common way to stabilize the flame in
industrial and jet engine combustion chambers. It was found that swirling flows allow bet-
ter control of the flame by increasing or decreasing the mixing of the fuel (primary flow)
and oxidizer (secondary flow). The change in the flame length was the first sign that swirl
was affecting the mixing. When the flame length increased, the mixing decreased, and
when the flame length decreased, the mixing increased.
In 1967 Emmons conducted a study on the fire whirl [4]. He found that the fire whirl
consisted of a fuel rich core and a lean exterior. The study also showed that the surround-
ing air was in a free vortex motion except for a finite size vortex core in solid body rota-
tion. The flame length, in the fire whirl, increased because of an increase in the supply of
fuel, which was caused by buoyancy effects, and because of the rotating secondary flow.
Beer et al. conducted a similar experiment in 1971 [5]. However, the fuel was supplied
by a constant velocity jet along the axis of the swirling secondary flow. The flame length
was still increased despite the constant fuel supply rate, which showed that the increase in
flame length was due entirely to the aerodynamic effect of swirling the secondary flow. In
other words, the decrease in the rate of mixing between the jet fluid and the surrounding
swirling air resulted in a considerable increase in flame length.
The explanation of this decrease in mixing was made with the aid of Rayleigh's stabil-
ity criterion [6]. Rayleigh stated that a system is stable if the angular momentum increases
with the radius. This occurs in solid body rotation. A system is neutrally stable if the angu-
lar momentum is constant for any radius. This occurs in a free vortex. Finally, a system is
unstable if the angular momentum decreases with the radius. Beer et al. [5], with the aid of
Rayleigh's criterion, explained that for a system with a jet injected into the axis of a cylin-
drical swirling flow, the centrifugal forces have a stabilizing effect and decrease the radial
motion of the fluid. The centrifugal forces act against the turbulent viscous forces and
reduce the turbulent mixing. If the jet is burning, a strong density gradient is set up which
influences the stability of the flow. When the density increases radially outward within the
centrifugal force field, a stable density stratification is formed which decreases the turbu-
lent mixing. The combination of these two mechanisms greatly decreased the mixing of
the fuel and the air, which increased the flame length.
Chigier and Beer [7] also demonstrated that when swirl was imparted on the jet and
the secondary flow was stagnant, the flame length decreased. This study additionally
showed that closed vortices were present along the axis and the strength of the vortices
increased with increasing swirl. These vortices became known as recirculation.
Finally, Chigier et al. [8] noted that the rotation of the air led to an increase in the sta-
bility limits of the flame and an increase in flame length. Chigier et al. coupled their results
with the work of Chigier and Beer to demonstrate that decreasing and increasing the flame
length was possible. This coupling confirmed that total control of the flame could be
achieved.
A good summary of the work performed on combustion in swirling flows was written
by Syred and Beer in 1974 [9]. The paper describes the lack of understanding of swirling
flows in combustion chambers because of their complexity.
1.3 Recent Research
Over the years it became accepted that recirculation zones are needed for flame stabiliza-
tion. As the axial flow velocity is increased, larger and stronger recirculation zones are
needed to stabilize the flame [3]. However, the extent to which swirl is needed is still
unclear.
The focus of recent research has been to obtain benchmark data to verify computa-
tional fluid dynamic codes. These codes are used to model specific combustion chambers.
The data consists of velocity, temperature and pressure profiles, in and around the recircu-
lation zone. The trend has shifted away from understanding the fundamental mechanisms
that increase or decrease the mixing of the fluids. Kihm et al. [3], Halpin [10], Ogawa and
Kasuki [11], Ahmed and Nejad [12], Singh et al. [13], and Kok et al. [14] demonstrate this
shift.
1.4 Thesis Organization
This chapter introduces the goals of the thesis, and presents a historical overview of how
swirl became important to combustion chambers. Chapter 2 discusses the theory needed to
understand swirling flows in combustion and swirl chambers. Chapter 3 explains the swirl
chamber and instrumentation used to obtain the data. Chapter 4 explains the experimental
procedures used to obtain the LDV, PIV and flow visualization data. Chapter 5 presents
the data. Chapter 6 discusses the findings of the data. Finally, Chapter 7 presents the con-
clusions of this research.
Detailed CAD drawings of the swirl chamber, the hardware and software needed for
the experimental instrumentation, are given in the Appendices.

Chapter 2
Theory
The previous chapter demonstrated that swirling the flow in a combustion chamber can be
used as a means of controlling the flame; and, by controlling the flame, NOx emissions can
be reduced. This chapter explains the theory needed to understand the swirling flow phe-
nomena.
2.1 Swirling Flows
Swirling flows are found in many natural phenomena such as tornados, hurricanes, dust-
devils, fire whirls, and vortex shedding from aircraft wings. Swirl has also found its way
into several practical applications such as vortex amplifiers, cyclone separators, and com-
bustion chambers. In the context of this thesis we will focus on the theory needed to
understand swirling flows in combustion chambers.
2.1.1 Swirl Number
The primary non-dimensional number used to characterize swirling flows is the swirl
number, S. The swirl number is defined as the angular momentum flux divided by the axial
momentum flux times the equivalent nozzle radius,
Df2 (vr) pu2nrdr
S = (2.1)D
- upu2nrdr
where:
D is the diameter of the test section, or combustion chamber,
v is the tangential velocity,
u is the axial velocity,
p is the density of the fluid,
r is the radial variable.
The swirl number is a good characterization of a swirling flow because both of the
momentum fluxes are conserved. Experiments have shown that the swirl number is the
significant similarity variable of swirling jets produced by geometrically similar swirl gen-
erators [16]. There are other definitions of the swirl number that include a pressure term
and a turbulent normal stress term. However, the added complication only leads to a
downstream conservation of the swirl number [17], which is not useful for the small scale
of the swirl chamber.
2.1.2 Rankine's Vortex
The tangential velocity component in guide vane swirl chambers can often be modeled as
a Rankine's vortex. The Rankine's vortex consists of a core where viscosity dominates.
An inviscid vortex exists outside of the core. The size of the core radius is determined by
tangential velocities, viscosity, turbulence and the introduction of a nonrotating fluid at the
vortex center [18]. The critical radius that divides the viscid and inviscid regions is
denoted by R. A diagram of the Rankine's vortex is given in Figure 2.1. The tangential
velocity component, v, and the pressure, p, are plotted as a function of the radius. Within
the core the velocity is given by,
V = Cor = -(2.2)
where:
v is the tangential velocity,
to is the angular velocity ( = (VX×V) ,
r is the radial coordinate,
ý is the vorticity ( = 2o) .
By Stoke's theorem, circulation, F, is the integral of ý over the area of the circle of radius
R, so F = 7tR 2M. From this, the vorticity as a function of an equivalent vortex with strength
K is,
2K
-. (2.3)2
Then, the velocity inside the core as a function of K is,
Kr
S- . (2.4)
Which is continuous with the velocity outside of the core,
K
/-
r
These velocity relations are plotted in Figure 2.1.
(2.5)
Figure 2.1: Pressure profile and tangential velocity profile in a Rankine's Vortex [18].
The pressure is continuous with radius also [18]. Inside the core the radial pressure
dp 2gradient is equal to the density times centripetal acceleration, p ro . Using equa-
dr
tion 2.3, the pressure gradient becomes,
dp prK2
dr R 4
R
This integrates to,
(2.6)
Viscid Region
V 7 "
Inviscid Region
l/r
- r
p=O
22
pr K
P1 =  Po 2 (2.7)
2R
where:
pi is the pressure inside the core, and
po is the pressure at the center.
Bernoulli's equation can be applied in the inviscid vortex. Taking a point at infinity where
v= 0, and a point at an arbitrary radius within the inviscid vortex yields,
K= p 2 (2.8)P2 = P2"
2r
where:
P2 is the pressure outside the core.
Finally, by equating equations 2.7 and 2.8 at R, po can be eliminated from equation 2.7
leaving the pressure inside the core as a function of the pressure at infinity, as in equation
2.8,
p r2S1 = P 1 2)(2.9)
2.1.3 Axial and Tangential Components of Vorticity
In a swirling flow with an axial jet there are two components of vorticity that interact. The
axial component is created by swirling the secondary flow. Its direction is positive with the
flow. The tangential component of vorticity is created by the shear layer set up between
the primary and secondary flows. The two components are shown schematically in Figure
2.2. These two vorticity components are responsible for creating the recirculation zone
which is sometimes found in swirling flows.
Figure 2.2: The axial and tangential components of vorticity present in a swirling flow
with an axial jet.
2.1.4 The Recirculation Zone
At high degrees of swirl strong radial and axial pressure gradients are created near the
nozzle exit, resulting in axial recirculation in the form of a toroidal recirculation zone
(TRZ) or recirculation zone. The recirculation zone is not found in flows with weak swirl.
It is widely known that the recirculation zone is formed when the swirl number is greater
than 0.6 [17]. However, researchers have shown that divergent exit nozzles reduce the
swirl number needed to induce the recirculation zone [9]. The formation of the recircula-
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tion zone is also known to depend on the size of enclosure, the method used to generate
swirl and the initial velocity profile. A diagram of the recirculation zone is given in Figure
2.3.
The size and shape of the recirculation zone affects the stability, intensity and perfor-
mance of the flame. For example, the recirculation zone reduces the velocity requirements
for flame stabilization by recirculating heat and active chemical species to the base of the
flame [9]. Because of this, the recirculation zone is often modelled as a well stirred reac-
tor. Finally, recirculation zones in swirling jets are similar to those created by bluff bodies.
However, there is one important difference. For bluff bodies, the size of the recirculation
zone depends on the diameter of the bluff body. Therefore it is constant. For swirling
flows, the size of the recirculation zone depends on the swirl number, and thus can be con-
trolled. Although much is known about the recirculation zone, it still can not be controlled
to the point that NO x is minimized.
Figure 2.3: Sketch of the recirculation zone in a diverging nozzle with a sudden expan-
sion.
2.1.5 Generation of Swirl
Swirl is generated by three primary methods: guide vanes, tangential entry and direct rota-
tion. First, in guide vane swirl chambers, the flow is redirected as it passes through an
array of vanes. The vanes can be set at different angles, thus dictating the amount of swirl.
The vanes can also be rotated, or remain stationary. Several factors affect the efficiency of
the vane array: the profile of the individual vanes, the number of vanes in the array, the
diameter of the vane array, and the angle of attack. Because of the ease of manufacturing
and a large swirl range, guide vanes where chosen for the swirl chamber design. Second,
tangential entry swirl chambers create a swirling flow by injecting the secondary flow tan-
gential into the chamber. High swirl numbers can be achieved, however, the total pressure
requirements of the system are high [17]. Finally, direct rotation creates swirl by rotating
the walls of the swirl chamber at thousands of revolutions per minute. This type of swirl
chamber produces solid body rotation.
Chapter 3
Experimental Setup
A swirl chamber and particle image velocimetry system were designed and constructed to
conduct the experiments. The first part of this chapter describes how the swirl chamber
works and the characteristics of the swirl chamber. The second part of the chapter explains
the particle image velocimetry system. Laser Doppler velocimetry and flow visualization
are also discussed.
3.1 Swirl Chamber
The swirl chamber creates a simplified model of a jet engine combustion chamber within a
cylindrical glass test section. The test section allows easy viewing of the axial or longitu-
dinal cross-sections. The test section is 2 ft long and 4 inches in diameter. The simple
geometry of the test section reduces the complexity of the flow in order to isolate the fun-
damental mechanisms of mixing. Water is used to simulate the primary and secondary
flows. With water, Reynolds numbers on the order of 104 to 105 can be achieved at axial
velocities of 1 to 3 m/s. These lower velocities lead to highly accurate measurements.
Water also diminishes compressibility effects, which simplifies the flow field, also bring-
ing out the fundamental mechanisms. The primary flow is injected into the secondary flow
axis with a nozzle 0.305 inches in diameter. The velocity of the jet can be varied from 0 to
10 m/s. The secondary flow is swirled using stationary guide vanes. The swirl number can
be varied from 0 to 1.
Detailed CAD drawings of the swirl chamber are included in Appendix A. However,
an assembly drawing of the swirl chamber is given on the next page. The parts are drawn
to scale.
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Figure 3.1: Assembly drawing of the swirl chamber. The parts are drawn to scale.
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3.1.1 How the Swirl Chamber Works
The swirl chamber creates a clean vortex in the test section and allows a jet to be injected
along the axis of the vortex. A picture of the swirl chamber is given below in Figure 3.2. A
scaled cross-section of the swirl chamber is given on the next page in Figure 3.3.
Figure 3.2: The swirl chamber and the secondary flow reservoirs.
The secondary flow is pumped from the starting reservoir to a distributor consisting of
3 inch polyvinylchloride (PVC) pipe. As seen in Figure 3.2, all junctions of the distributor
exhaust into a toroidal shaped settling chamber at the base of the swirl chamber, desig-

nated (a) in Figure 3.3. The toroidal shaped settling chamber damps out any vortices cre-
ated by the pump. The secondary flow is then passed through 500 half-inch holes drilled
along the periphery of the central rib, location (b). These holes act as a flow straightener.
The water is then forced radially inward through a second flow straightener located
directly ahead of the leading edges of the vanes. The flow straightener consists of a brillo
pad filter.
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Figure 3.3: Scaled cross-section of the swirlchamber.
The laminar flow then passes through a circular array of vanes, labeled (c). These vanes
impart swirl on the flow. The swirling water is then accelerated and turned 90 degrees by

smooth contours. The acceleration dampens any unsteadiness, and the contours aid in pre-
venting separation. The swirling secondary flow then enters the test section, area (d),
where the primary flow is injected through a nozzle located at the axis of the secondary
flow. The combined flows pass by an orifice plate for velocity readings, seen at the top of
Figure 3.2, and then exhaust back into the starting reservoir or into a second reservoir. The
exhaust uses 4 inch PCV pipe. A separate plumbing circuit controls the primary flow. The
primary flow is pumped from a separate starting reservoir directly to the axis of the swirl-
ing secondary flow. The primary plumbing circuit is shown below in Figure3.4.
Figure 3.4: The primary plumbing circuit is mounted on the wall of the swirl chamber
enclosure. The white primary flow reservoir can be seen in the background.

3.1.2 Modes of Operation and Controlling Axial Flow Rates
The swirl chamber is capable of running in an open or closed circuit mode. The closed cir-
cuit mode recirculates the flow by exhausting the water back into the starting reservoir
once it has left the test section. The open circuit mode dumps the flow into a second reser-
voir after the flow has left the test section. This allows for a one time blow down of the
starting reservoir.
Figure 3.5: The secondary flow plumbing can be seen clearly in this picture. The valves
immediately downstream of the secondary pump regulate the flow through the test sec-
tion. The valves directly above the green reservoirs are used to switch between the open
and closed circuit modes.
The open circuit is used when the primary flow is seeded with particles or dye, and
contaminates the secondary flow after mixing. In the open circuit mode, a test run can only

last about 90 seconds with steady state being reached in about 15 seconds. The closed cir-
cuit mode is used when the secondary flow is seeded with particles or dye, and the mixing
with the primary flow dilutes the concentration slightly. The swirl chamber can be run in
the closed circuit mode indefinitely, the only limitation is overheating of the pump.
The volume flow rate into the swirl chamber can be controlled using the bypass line,
seen in Figure 3.5. The 3 inch ball valves located immediately after the pump are used to
regulate the amount of water sent to the swirl chamber. By changing the configuration of
the valves, an axial velocity range from 0 m/s to 3 m/s is possible. The 4 inch ball valves
located directly above the starting and finishing reservoirs are used to switch between
open and closed circuit modes. They can also be used to regulate the back pressure.
The axial velocity in the test section is monitored by an orifice plate mounted down-
stream of the test section. Eight pressure ports, four evenly spaced every 90 degrees, a dis-
tance of 2 inches from each side of the plate, measure the pressure drop across the orifice
plate. This pressure differential is used to assure the axial velocity is consistent between
different experimental runs.
3.1.3 Changing the swirl number
The swirl number can be altered by changing the angle of the vanes. There are 36 rectan-
gular vanes 8 in. x 2 in. x 1/8 in., evenly spaced on a 17.00 inch diameter circle. A cross-
section of the vane array is given below in Figure 3.6. The actual vane configuration is
shown in Figure 3.7. The vanes are held in place between the vane cover and the central
rib. The frictional force created by squeezing the two plates together with tension rods
keeps the vanes stationary. O-rings are mounted between the vanes and the two plates to

increase the coefficient of friction.
Figure 3.6: Cross section of the swirl chamber vane array.
Figure 3.7: The vane array, vane cover and large rib.
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The vanes are aligned using a precision machined vane aligner. The aligner uses a tri-
angulation technique to assure the proper orientation of the vanes. An example of the
alignment of one vane is given in Figure 3.8.
Figure 3.8: Precision machined vane aligner
A groove is machined in the arm of the vane aligner that is the same width as the vane.
The arm is mounted onto the vane aligner to position the vane at the desired angle. First,
the vane is snugly placed in the groove. Second, the vane aligner is positioned so that its
center is along the same radius of the central rib as the axis of rotation of the vane, and
both positioning rods on the vane aligner make contact with the central rib. Finally with
the vane aligner properly positioned, the arm assures the vane is located at the desired
angle.
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3.1.4 Optical Viewing Box and Viewing Orientations
When an object is seen through a flat piece of glass the image is not deformed because the
refraction of light in the glass is small. However, when an object is viewed through a cir-
cular piece of glass, the deformation of light is greater due to the radius of curvature of the
glass. Because of this, a clear acrylic waterproof box, the optical viewing box, surrounds
the test section. The box has a 10 in. by 10 in. base. Water is used to fill the space between
the acrylic box and the glass test section. Because the index of refraction of water is simi-
lar to that of glass, the round test section does not refract the light, and the flow field is not
deformed when viewed from the outside. A close-up of the optical viewing box is given
below in Figure 3.9.
Figure 3.9: Swirl chamber optical viewing box.

3.1.5 Robustness of Swirl Chamber
The versatility of the experimental facility allows many different combustion chamber
configurations to be modelled. For example, air could also be used as the working fluid, or
with minor modifications, fuel could be burned.
The central hub is the contour that turns the swirling flow 90 degrees into the test sec-
tion. The primary flow nozzle is mounted along the axis of this hub. The hub has been
designed to be interchanged with other hubs. For example, a bluff body hub could be
inserted to study the effects of swirl combined with a bluff body. Also, a hub that allows
for off axis injection could be inserted.
3.2 Design of the Swirl Chamber
3.2.1 Scaling
The early aspects of the design deal with scaling the flow characteristics of several com-
bustion chambers to a dynamically similar swirl chamber. The first step is to use the Buck-
ingham Pi Theorem to calculate the non-dimensional parameters that are important to the
flow. From the work of Beer, Chigier, Gupta, Lilley..., [4] to [17], it is found that the
parameters needed to characterize swirling flows in combustion chambers are:
p, the density of the fluids,
gt, the viscosity of the fluids,
x, the axial distance from the primary flow nozzle exit,
r, the radial position,
Dj, the diameter of the primary flow nozzle,
Ds, the diameter of the swirl chamber,
S
f02 (pU v ) r 2 dr, the angular momentum flux of the secondary flow,
Drdrthe axial momentum flux of the secondary flow,
02 ( pu2)rdr , the axial momentum flux of the secondary flow,
S2pu rdr, the axial momentum flux of the primary flow.
After applying the Buckingham Pi Theorem, the non-dimensional groups needed to
dynamically scale a combustion chamber to the swirl chamber are found to be:
The ratio of the two diameters, which characterizes the size of the swirl chamber,
(3.1)D.
J
This number is found to range from 3 to 15 in most combustion chambers.
The non-dimensionalized axial position,
(3.2)D.
The non-dimensionalized radial position,
r
I
(3.3)
Di
-v
The non-dimensionalized viscosity, which is similar to a Reynolds number,
1 * (3.4)1"
1
2P
Because the Reynolds number is commonly used in most research on swirling flows, it is
utilized in the scaling of the swirl chamber to common combustion chambers, instead of
the non-dimensionalized viscosity. The Reynolds number is found to range from 15,000 to
300,000 in typical combustion chambers.
The swirl number, S, which is discussed in Section 2.1.1,
DS
I0 (pus v) r dr
(3.5)D=
2 P Cpu)rdr
The swirl number is found to range from 0 to 3 in most combustion chambers.
The primary to secondary momentum flux ratio, M, which characterizes the rate of
injection of the primary flow is,
D.
f pu ( 2)rdr
Ds ((3.6)
f2( pu 2)rdr
The primary to secondary momentum flux ratio is found to range from 3 to 60 in typical
applications.
Beer and Chigier have shown that the swirl number, Reynolds number and the primary
to secondary momentum flux ratio are the most important numbers used to characterize
the flow. The swirl chamber is designed to operate in the ranges of each nondimensional
number above. A 10 cm diameter cylinder is chosen to represent the walls of a combustion
chamber. The primary flow nozzle is chosen to be 0.77 cm in diameter. These dimensions
lead to a diameter ratio of 13.0. With a secondary pump capable of supplying 120 gmp,
and a primary pump capable of supplying 7 gpm, the primary to secondary momentum
flux ratio can be varied from 0 to 80. Also, the Reynolds number can be varied from 0 to
350,000.
In order to match the range of the swirl number in combustion chambers a vane type
swirler is chosen to impart swirl onto the flow. A calculation is performed below to ensure
the entire range of the swirl number can be achieved. A schematic of the model is given in
Figure 3.10. Water enters the vane array normal to the control volume at location 1 with a
velocity v1 . The vanes then turn the water to an angle 0 as shown in Figure 3.10. The
water leaves normal to the control volume at location 2 with a velocity v2.
Vane Circle
Figure 3.10: The vane configuration used to calculate the swirl number range. A control
volume is taken between two vanes. The variables are defined in the paragraph below.
All of the vanes are centered on a vane circle of diameter, D. Each vane makes an angle 0
with a radius of the vane circle. The following symbols are used in the calculation:
Q is the volume flow rate of the secondary pump,
v1 is the velocity of the water as it enters the control volume,
v2 is the velocity of the water as it leaves the control volume,
u is the axial velocity in the test section,
uv is the radial velocity at the vane array,
v is the tangential velocity in the test section,
v, is the tangential velocity at the vane array,
D is the diameter of the vane circle,
Ds is the diameter of the test section,
Vane
0 is the angle the vanes make with a radius of the vane circle,
h is the height of the vanes.
The velocity of the water entering the control volume at surface 1 is,
QV= - Dh. (3.7)
By using the conservation of mass v1 is found to be roughly equal to the radial velocity at
the vane array, uv, because both velocities are in the radial direction and are at similar
radial distances. Therefore, the tangential velocity at the vane array is,
V = U tanO= - tan0. (3.8)S Vr tDh
However, we are interested in the axial and tangential velocities in the test section, not at
the vane array. Assuming solid body rotation, v equals (or, and from equation 3.8 the tan-
gential velocity in the test section is,
2Qtan 0V = r. (3.9)
xD2h
The axial velocity, u, can be found assuming a parabolic profile in the test section so, u =
ar2 + b, where a and b are constants. The boundary conditions are u = at r = 0, and
ED s
u= 0 at r = Ds/2. This leads to,
U 2 6Q 2r1- (3.10)
S
Substituting these values into the swirl number, equation 3.5, and integrating gives,
D
3
S = s tan (0). (3.11)
12hD
The values of Ds, h and D, after many iterations were chosen to be 4 inches, 8 inches and
17 inches respectively. Therefore, the vane angle must range from 0 to 89 degrees in order
to achieve a swirl number from 0 to 3.
3.2.2 Cavitation Prevention
To prevent bubbles from expanding within the test section, the axial pressure was
designed to be above atmospheric pressure. This is the region in which the lowest pressure
occurs, see Figure 2.1 in Section 2.1.2. Equation 2.9 in Section 2.1.2 was used to calculate
the pressure along the axis of the test section. Equation 2.9 is repeated here as equation
3.12,
P1 = P 1 (3.12)R 2 2R 2
The pressure at infinity, in equation 3.12, is assumed to be the pressure at the entrance to
the swirl chamber. Therefore, in order to find the pressure at the axis of the test section, the
closed circuit plumbing needs to be analyzed. Figure 3.11 gives the model of the plumbing
circuit. Because the pressure at point (c) can be found with fluid statics, Bernoullis equa-
tion can be used to find the pressure at point (b), which can be used to find the pressure at
point (a), which is assumed to be the same as the pressure at the entrance of the swirl
chamber. Equation 3.12 can then be used to find the pressure along the axis.
Swirl Chamt
Reservoir
mp
Figure 3.11: Sketch of the swirl chamber and the closed circuit plumbing. The flow is
pumped from the reservoir to point (a) where some of the flow returns to the reservoir via
a bypass line and the rest of the flow goes to the swirlchamber.
The pressure at (b) is found using Bernoulli's equation from (c) to (b),
P v 2  Pb b c
9+ +gz = '+p 2 b p
where:
Pb,c is the pressure at point (b) or (c),
vb,c is the velocity at point (b) or (c),
zb,c is the height at point (b) or (c),
g is the gravity constant,
2
VC
-
(3.13)+ gz +4 + ,D DD
p is the density,
f is the friction factor,
L is the length between (b) and (c),
Le is the equivalent length for all minor head losses,
D is the diameter of the pipe.
The volume flow rate supplied by the pump is 120 gpm and the pipe between points (b)
and (c) is 4 inches in diameter, which means that the average velocity in the pipe is 0.91
m/s. The height of point (b) is 1.83 m, and the height of point (c) is 0 m. The Reynolds
number at (b) is 85,103, which yields a friction factor of 0.0185. Because the pipe between
points (b) and (c) is straight, there are no minor head losses. Using equation 3.13 the pres-
sure at (b) is found to be 1.65 kPa.
Apply Bernoullis equation from point (b) to point (a), and assuming low headloss in
the swirl chamber, the following relation is found,
P v2 P V2 LPa a b b L
- +a-2 + + gz + + . (3.14)
p 2 p 2 D D
There are two paths from point (a) to (b), through the swirl chamber and through the
bypass line, given that all the valves are open. Assuming that half of the volume flow rate,
60 gpm, goes through the swirl chamber., the velocity at (a) is 0.83 m/s, since 3 inch diam-
eter pipe is used for the bypass line and the entrance to the swirl chamber. The Reynolds
number is then 56,735 and the coefficient of friction is 0.2 at point (a). The swirl chamber
is assumed to produce an equivalent length of 38.1 m. The five elbows, four 45 degree
turns and the orifice plate, which are also in the circuit, produce an equivalent length of
55.9 m. The length of pipe between points (a) and (b) is 6.1 m. Substituting these values
into equation 3.14, solving for va and converting to a volume flow rate at (a) gives,
1
Qa = 0.11186A r(P -Pb ) +g(Za - ) )2, (3.15)
where:
Qa is the volume flow rate through the swirl chamber,
Aa is the area of the pipe at (a),
Pa is the pressure at (a),
Pb is the pressure at (b),
za is the elevation of (a),
zb is the elevation of (b).
Next the volume flow rate through the bypass line is determined. The length of the
pipe is 2.7 m, and the diameter is 3 inches. The Reynolds number is 56,735 so the friction
coefficient is roughly 0.2. Therefor, the volume flow rate through the bypass is,
1
t = 0.3892A ( (P - pb) + g(z a  Za))2. (3.16)Qt = 0"3892Aa~( r a6 
By using equations 3.15 and 3.16 it is found that 22.3% of the flow goes through the swirl
chamber, and 77.7% of the flow goes through the bypass line. Therefore, if the pump pro-
vides 120 gpm, the velocity of the fluid entering the swirl chamber in the 3 inch diameter
pipe is traveling at 0.37 m/s. Also, the veloctiy of the water in the bypass line is 1.29 m/s.
With a better approximation of the velocities at point (a) and (b), a second iteration to
obtain a better estimate of the two velocities is performed. The Reynolds number at the
entrance of the swirl chamber is 20,717, which gives a friction factor of 0.025. The Rey-
nolds number in the bypass line is 97,548, which gives a friction coefficient of 0.0185.
Using the same minor headlosses for the swirl chamber path and the bypass line, it is
found that 20% of the flow goes through the swirl chamber, and 80% of the flow goes
through the bypass line. Which means the velocity in the bypass line is 1.33 m/s, and the
velocity at the entrance to the swirl chamber is 0.33 m/s.
Now that the velocities at (a) and (b) have been found and the pressure at (b) is known,
equation 3.14 can be applied to obtain the pressure at (a). This is found to be 20.7 kPa
gage. Assuming there are no losses between point (a) and the entrance of the swirl cham-
ber, the pressure at the entrance of the swirl chamber is 20.7 kPa gage.
Finally, equation 3.12 is used to find the pressure along the axis of the test section. At
the axis, equation 3.12 becomes,
pK 2  (3.17)
P = = P 2
2R
where P is 20.7 kPa. Taking the critical radius, R, as 1 cm corresponds to a small core,
which results in a conservative solution. Also, assuming the highest swirl number of 3
resuts in a vortex strength, K, of 0.028 m2/s. Using these values and equation 3.17, the
pressure along the axis, P1 , is found to be 17.5 kPa gage, which is above atmospheric pres-
sure. So, under the worst conditions the pressure along the axis will not drop bellow atmo-
spheric pressure. Thus, air will not come out of solution within the flow.
3.2.3 Orifice Plate Calculation
An orifice plate was designed and constructed in order to measure the average axial veloc-
ity through the test section. Experimental data was used that empirically found the pres-
sure drop across different orifice plates. The pressure drop could be calculated by,
AP v
= 2 (C.18)p 2
where:
AP is the pressure drop across the orifice plate,
p is the density of the fluid,
ý is a constant found experimentally and given in Table 3.1,
v is the velocity of the fluid.
Table 3.1 gives the values of z for different size orifice plates. D1 is the diameter of the
pipe, and D2 is the diameter of the hole in the orifice plate.
Table 3.1: Experimental data of the pressure drop constant for different size orifice
plates.
D2/D1
0.3 300
0.4 85
0.5 30
0.6 12
0.7 4.5
0.8 2.0
Because a small pressure drop was desired to keep air from expanding in the flow, a
diameter ratio of 0.8 was chosen. Figure 3.12 shows a drawing of the orifice plate.
7.5" diam.
9.000"
3.200"
TWi
Figure 3.12: Drawing of the orifice plate
11 7J., I
J
3.2.4 Hoop Stress Calculation
Figure 3.13 shows the internal stresses in the swirl chamber's large cylinder.
Figure 3.13: Cross-section of the large cylinder showing the hoop stress, a,,and the axial
stress, ao .
The hoop stress can be calculated by,
Pr (3.19)
where:
a is the hoop stress,
P is the pressure acting on the cylinder from the water,
r is the mean radius,
h is the wall thickness.
The axial stress can be calculated by,
Pr
o = -T, (3.20)
where:
ao is the axial stress.
The maximum pressure the pump can supply is 206.8 kPa, which corresponds to a 60 ft
head. The radius of the large cylinder is 0.353 m, and the wall thickness of the large cylin-
der is 0.02 m. Using these values and equations 3.19 and 3.20, the hoop stress is calculated
to be 3.59 MPa, and the axial stress is calculated to be 1.79 MPa. The Young's modulus of
PVC is 1.4 to 4.1 MPa. The tensile strength of PVC is 34.4 to 62.0 MPa. The yield
strength is unknown, however, the hoop stress is an order of magnitude smaller than the
tensile strength. Therefore, the internal stresses in the large cylinder under the worst con-
ditions should not exceed the yield strength of PVC.
3.2.5 Deformation of Top Plate
When the swirl chamber was turned on for the first time, the pressure inside the large cyl-
inder caused the top plate to deform. The top plate bulged to the point that the o-ring seal
between the top plate and the large cylinder failed. An aluminum support plate was
designed and built to take up the force on the top plate due to the internal pressure. Marks'
Standard Handbook for Mechanical Engineers [19] was used to design the aluminum
plate, so that the maximum deformation of the top plate was 5 mm. Figure 3.14 shows the
model of the aluminum plate.
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Figure 3.14: Circular aluminum plate with a central hole of radius r, and a outside radius
R. The plate is rigidly fixed along the outside perimeter. W is the applied load, and t is the
thickness of the plate.
The maximum internal stress in the plate is,
2
S = kwr (3.21)
m 12
t
where:
Sm is the maximum internal stress,
w is the applied load,
r is the radius of the hole,
t is the thickness of the plate,
k1 is an empirical constant found in [19] on page 5-53, Table 5.2.19.
The maximum deflection in the plate is,
4
Wr
Y =k wr (3.22)m 2 3Et
where:
E is the Young's modulus,
k2 is an empirical constant found in [19] on page 5-53, Table 5.2.19.
With an outside radius of 0.375 m, a hole radius of 0.102 m, a load of 0.207 MPa, a plate
thickness of 1.25 cm and a Young's modulus of 2 GPa, k1 and k2 are 0.15 and 0.675
respectively. This yields a maximum deflection of 4 mm and a maximum internal stress of
17.7 kPa. So the maximum deflection is less than 5 mm and the maximum internal stress is
well below the yield strength of aluminum.
3.2.6 Buckling of Vanes
Because friction is used to keep the vanes in place, the vane array is designed not to
buckle under the normal force required to provide the frictional force which keeps the
vanes stationary. If the pump provides 120 gpm, the vane array has a radius of 17.00 in.
and the vanes are 8.00 in. high, the velocity of the water as it enters the vane array is 2.75
cm/s. If the vanes are 2.00 in. long, the area of a vane side is 16.00 in2 , or 103.22 cm2. In
the worse case scenario, the stagnation pressure of the flow would be applied to this area.
With a velocity of 2.75 cm/s the stagnation pressure is 0.38 Pa. So the entire distributed
force on the one vane is 3.9 mN. The coefficient of friction of PVC on PVC is around 0.2.
It would take a normal force of 0.02 N to overcome the torque applied on the vane. This is
insignificant. However, lets calculate the buckling force required to see if the weight of the
vane cover will cause a vane to buckle.
Figure 3.15 shows a model of the loading of a vane. Euler buckling occur when,
P 2E I
P -cr L2
L
(3.23)
where:
Pcr is the critical stress applied to the vane,
bh3
I is the area moment of inertia and is equal to "12
E is the Young's modulus of PVC and is equal to 1.4 MPa,
L is the length of the vane.
Figure 3.15: Model of a vane under an applied stress.
The area moment of inertia is calculated to be 3.255 x 10-4 in.4, the Young's modulus of
PVC is at worst 200,000 psi and the length, L, of the vane is 8.00 in. So the vane will
buckle under a critical stress of 53 psi. Since a cross-section of the vane is 0.25 in.2 , the
applied force that would cause the vane to buckle is 13.25 lbf. The weight of the vane
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cover is only 4 lbf. Therefore, one vane can withstand the weight of the vane cover. There
are at least 8 vanes in the array. Therefore, the vanes will not buckle.
3.3 Particle Image Velocimetry System
3.3.1 Overview
Particle image velocimetry (PIV) is an experimental method used to measure instanta-
neous velocity vector fields in turbulent fluid flows. In theory, the method is fairly simple.
First, the flow is seeded with fluorescent particles about 50 gtm in diameter. While taking a
time elapsed photograph, a cross-section of the flow field is illuminated by a sheet of laser
light. By double pulsing this sheet during one photograph, each particle appears twice on
the same picture. The velocity field can be obtained by measuring the distance the parti-
cles traveled and recording the time between laser pulses.
An auto-correlation program written by Doug Hart is used to measure the distances the
particles travel. The program thresholds the picture and compares each pixel to other pix-
els. The correlation value between the pixels is recorded in a matrix that remembers the
relative distances between each pixel. The correlation at each distance is added for every
pixel and the maximum is recorded. The maximum corresponds to the distance the parti-
cle traveled. If the laser is triple pulsed, and the time between pulses is altered, then the
autocorelation program can decipher what direction the particles are traveling. The accel-
eration of the particles can also be found.
A pulsed Nd:YAG laser is used to create the sheet of light. The laser produces 15 J per
pulse during a 20 ms pulse length and a 10 Hz repetition rate at 1064 nm. The frequency
of the pulses can range from 10 to 300 Hz. The infrared light is frequency doubled to pro-
duce a laser sheet with a wavelength of 532 nm, which is in the green range of the visible

spectrum. The details of frequency doubling the laser is discussed in Section 3.2.2. The
power output of the laser after being frequency doubled is unknown at this time. However,
the pulse length is estimated to be around 10 to 50 ns. The number of pulses and time
between pulses are controlled by a program and an electronic circuit. The program is
given in Appendix C. Two or three pulses can be created at any time interval by the pro-
gram.
Figure 3.16: The Nd:YAG laser system. The laser control box can be seen in the far right
of the picture. The computer that controls the q-switch is mounted at the base of the laser
enclosure. The laser sheet passes through a clear acrylic window built into the swirl cham-
ber enclosure.
The initial diameter of the beam is 0.5 mm. A cylindrical lens is used to transform the
circular beam into a sheet. Detailed drawings of the lens mount is given in appendix D.
The sheet is 0.5 cm thick and about 1 m wide when it passes through the test section. The
lens can be oriented to create an axial or a longitudinal sheet. The orientation of the beam
is controlled with a pair of galvanometers that can move the beam in a two dimensional

plane. Also, the entire laser head is mounted on a rail and can be moved up and down. A
picture of the optical setup is given in Figure 3.17.
Figure 3.17: The cylindrical lens and galvanometers of the Nd:YAG laser. The galvanom-
eters are used to fine tune the position of the laser sheet. The cylindrical lens can be
rotated 90 degrees to produce an axial or longitudinal laser sheet.
The PIV pictures are taken with a Nikon 2000 still camera. For axial cross-sections,
the camera is mounted on top of the swirl chamber encloser. For longitudinal cross-sec-
tions the camera is mounted on a tripod next to the swirl chamber.

3.3.2 Frequency Doubling the Nd:YAG Laser, Hardware
Several components are needed to frequency double the Nd:YAG laser. First, a CD*A
crystal is used to actually perform the doubling. The frequency doubler is held in place
with a custom built mount. A mirror, positioned immediately after the frequency doubler,
reflects the remaining infrared beam into an aluminum light absorber. Both the frequency
doubler and mirror are located after the front mirror.
A q-switch is required to increase the instantaneous power of the infrared beam in
order to achieve a higher conversion efficiency in the frequency doubler. The q-switch is a
KD*P. The q-switch is positioned between the rear mirror and the laser head and is held in
place by a custom built mount. When the Nd:YAG laser is fired, the q-switch prevents las-
ing by disrupting the oscillation of the photons between the front and back mirrors. Power
must be supplied to the q-switch in order to prevent the oscillation. When the power to the
q-switch is turned off, the built up population inversion is dumped all at once, creating a
pulse with power on the order of a megawatt and a pulse length on the order of 10 nano-
seconds. The infrared beam must be polarized in order for the q-switch to prevent lasing.
A 500:1, linear, high power polarizing cube was used to polarize the beam. The polarizer
is mounted on the same carriage as the q-switch.
The alignment of each component is performed with the aid of a diode laser that is
mounted to the optical rail. The backscatter created from the reflection of the diode laser
beam off the components is used to assure that each component is aligned. The diode laser
is also used to align the laser sheet to the proper location in the test section.
3.3.3 Frequency Doubling the Nd:YAG Laser, Electronics
A timing circuit controls the q-switch and allows up to three pulses to be fired at variable
intervals. The circuit, presented in Figures 3.20 and 3.21, massages the outputs from a
CTM05 timing card which is run from the IBM PS2 mounted at the base of the laser
encasing. A program, written by Professor Hart and presented in Appendix C, controls the
timing card. The circuit consists of two one-shots, two AND gates and two transistors.
The Nd:YAG laser outputs a -15 V pulse when it is fired. This pulse is converted to a
+5 V pulse by the first transducer. The +5 V pulse is sent to the one-shot which triggers a
+5 V signal that is outputted to the timing card thus starting four separate counters. The
output from the one-shot is also sent to the first and second AND gates. The one-shot is
used as a safety precaution to assure that the q-switch is not left on. The one-shot pulse is
set to be a maximum of 20 ms by the choice of the resistor and capacitor connected to pins
1 and 2 of the one-shot. Figure 3.18 illustrates the signal.
Figure 3.18: Output from first one-shot. The length of the signal is determined by the
resistor and capacitor connected to the one-shot
The output from counters 2 through 4 are also sent to the first AND gate. The counter
outputs are always high except for a low pulse when a counter reaches a preprogrammed
time. Therefore, once the laser is fired, and all counters start, the output from the first
AND gate is high. The output from the first AND gate is sent to the second one-shot.
When one of the three timers reaches its preprogrammed time and flashes low, the AND
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gate also flashes low which fires the second one-shot outputting a second +5 V signal,
shown in Figure 3.19.
Figure 3.19: Output from second one-shot. The length of each pulse is determined from
the resistor and capacitor connected to the one-shot. The starting time for each pulse is
determined by the program.
The length of the output from the second one-shot is controlled by a variable resistor.
The +5 V signals from the first and second one-shots trigger the second AND gate which
sends a +5 V signal, that is amplified by the second transducer, to the q switch. The q-
switch is turned off releasing the laser energy and creating a laser pulse. The prepro-
grammed times from timer 3 and 4 produce a similar set of events creating pulses at vari-
able times, shown in Figure 3.20. The output from timer 1 is connected to the reset button
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on the first one-shot. When timer 1 is activated the entire circuit is reset for the next PIV
run.
Figure 3.20: Signal sent to the q-switch. The q-switch is turned on at 0 ms. It is then
turned off for the three pulses which allows the laser to fire. The q-switch is turned off
automatically at 20 ms unless timer 1 resets the system.
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Figure 3.21: Schematic of the q-switch timing circuit controller.
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Figure 3.22: Continuation of the q-switch timing circuit controller.
78
tn
z:
I I mF::J- =- : n
___ ___~_~_
3.4 Laser Doppler Velocimetry
The laser Doppler velocimetry (LDV) system was built by Aerometrics, Inc. The system
uses an Argon-Ion laser to create the test volume, and a personal computer to perform the
analysis. A picture of the system is given in Figure 3.23.
Figure 3.23: The laser Doppler velocimetry system. The emitter and sensor are connected
to the laser via fiber optics.
The transmitter and receiver are mounted to an aluminum base, which is held in place by a
truss structure, shown in Figure 3.24. The base slides on two rails that can be moved to
different axial positions. Markers on the base and the rail allow for accurate movement of
the laser test volume in the radial direction.

Figure 3.24: Picture of the truss structure that the LDV sensors are mounted to. Marks are
inscribed onto the truss to allow accurate movement of the sensor in the radial direction.
3.5 Flow Visualization
Flow visualization pictures are taken with a Nikon 2000 camera. The primary flow is dyed
with fluorescein sodium salt. An argon-ion laser and a cylindrical lens is used to create a
sheet of laser light. This sheet can be oriented in the axial or longitudinal directions. The
camera can be mounted in two positions for axial or longitudinal cross-sections. The axial
viewing position is shown in Figure 3.25. A picture of the argon-ion laser creating a laser
sheet is shown in Figure 3.26.
__

Figure 3.25: Camera mount for viewing axial cross-section. An axial viewing window
allows an unobstructed view of the axis of the test section.

Figure 3.26: The argon-ion laser is creating a sheet of laser light with the aid of a cylindri-
cal lens. The lens can be moved to different axial locations by sliding up or down on the
rail. An axial cross-section is being taken in this photograph.

Chapter 4
Experimental Procedures
To obtain data to investigate the effect of swirl and injection rate on the mixing process,
LDV was used to acquire one-dimensional, timed averaged velocity profiles in the axial
and tangential directions. This data will also be used to verify CFD codes. Flow visualiza-
tion was performed to obtain data for quantifying the rate of mixing between the primary
and secondary flows. Axial and longitudinal cross-sections of the flow were taken using
the coordinate system defined in Figure 4.1. Finally, PIV was performed to obtain two-
dimensional, instantaneous velocity profiles in the axial and longitudinal planes. The swirl
chamber was run in closed circuit mode for every experiment.
x, Axial Swirl Chamoer
Test Section
Axial
Cross-Section
, Tangential
N r, Radial
S Primary Flow
Nozzle
Longitudinal Cross-Section
Figure 4.1: Definition of swirl chamber coordinate system.
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4.1 Laser Doppler Velocimetry
The swirl chamber was run in closed circuit mode for all LDV experiments. Measure-
ments were taken for three different swirl numbers. For each swirl number, the axial and
tangential velocity profiles were obtained at different axial locations. Each profile consists
of nine data points along the radial direction, at each axial location.
4.1.1 Calibration of the LDV System
The LDV system was calibrated in the following way. First, the flow meter, used to mea-
sure the velocity of the primary flow, was calibrated by measuring how long it took the
primary flow pump to exhaust the primary flow reservoir. The time to exhaust 15 gallons
of water was measured for primary flow velocities ranging from 1 to 10 gpm. The maxi-
mum error of the flow meter was 1.8%. The calibrated flow meter was then used to mea-
sure the velocity of the primary flow jet. LDV readings were taken in the potential core of
the jet, where the velocity was accurately known. The average error in the LDV readings
over a range from 0 to 9 m/s was found to be 6.4% as measured against the flow meter
standard.
4.1.2 First Set of LDV Experiments
The first set of LDV experiments was run with two inch long vanes set at 73 degrees.
There were 36 vanes evenly spaced every 10 degrees in the array. The flow was adjusted
until the pressure drop across the orifice plate produced a pressure transducer reading of
11mV, which corresponded to an average axial velocity of 1.16 m/s. At an axial distance
of 0.5 cm above the primary flow nozzle, the axial and tangential velocity profiles were
recorded. Each profile consisted of nine data points at a radial distance of: 0.0, 0.3, 0.9,
1.6, 2.3, 3.0, 3.7, 4.3 and 5.0 cm. Both axial and tangential profiles were recorded for pri-
mary flow injection velocities of: 0.0, 2.7, 6.7 and 9.4 m/s. A total of 24 profiles were
recorded at this axial position.
The same process was repeated at an axial distance of 5.6 and 10.7 cm.
4.1.3 Second Set of LDV Experiments
The second set of LDV experiments was run with four inch long vanes set at 63 degrees.
There were 36 vanes evenly spaced every 10 degrees in the array. The flow was adjusted
until the pressure drop across the orifice plate produced a pressure transducer reading of
30 mV, which corresponded to an average axial velocity of 2.39 m/s. At an axial distance
of 0.25 cm above the primary flow nozzle, the axial and tangential velocity profiles were
recorded. Each profile consisted of nine data points at a radial distance of: 0.0, 0.6, 1.2,
1.8, 2.5 3.1 3.7 4.4 and 5.0 cm. Both axial and tangential profiles were recorded for pri-
mary flow injection velocities of: 0.0, 2.7, 6.7 and 9.4 m/s. A total of 32 profiles were
recorded at this axial position.
The same process was repeated at an axial distance of 1.95, 4.2 and 5.9 cm.
4.1.4 Third Set of LDV Experiments
The third set of LDV experiments was run with four inch long vanes set at 75 degrees.
There were 18 vanes evenly spaced every 20 degrees in the array. The flow was adjusted
until the pressure drop across the orifice plate produced a pressure transducer reading of
30 mV, which corresponded to an average axial velocity of 2.37 m/s. At an axial distance
of 0.25 cm above the primary flow nozzle, the axial and tangential velocity profiles were
recorded. Each profile consisted of nine data points at a radial distance of: 0.0, 0.6, 1.2,
1.8, 2.5 3.1 3.7 4.4 and 5.0 cm. Both axial and tangential profiles were recorded for pri-
mary flow injection velocities of: 0.0, 2.7, 6.7 and 9.4 m/s. A total of 32 profiles were
recorded at this axial position.
The same process was repeated at an axial distance of 4.2, 7.6 and 30.0 cm.
4.2 Flow Visualization
Flow visualization pictures were taken for two swirl number, 0 and 0.82. The first set of
flow visualization experiments was run with four inch long vanes set at 75 degrees. Fluo-
rescein sodium salt was used to dye the primary flow. Cross-sections of the flow were cre-
ated with an argon-ion laser. Once again, there were 18 vanes spaced 20 degrees apart.
The average axial velocity was set at 2.37 m/s. Pictures of the axial cross-section of the
flow were taken at 0.25, 4.2, 7.6 and 30.0 cm. At each axial position, pictures were taken
for primary flow velocities of 2.7, 6.7 and 9.4 m/s. The process was repeated with the
vanes set at zero degrees.
Pictures of a longitudinal cross-section were also taken with 18 four inch vanes set at
75 degrees. However, no quantifiable data was obtained with these pictures.
Once the pictures were developed they were digitized using a 300 dpi scanner. The
area of the test section and the area of the interface between the primary and secondary
flows was then measured using NIH Image V1.54, a share-ware image analysis package.
To remain consistent in the measurement process a thresholding technique was used. Each
picture was thresheld to distinguish the walls of the test section and the interface of the
primary and secondary flows.
4.3 Particle Image Velocimetry
One set of PIV experiments were performed for a vane angle of 75 degrees with 18 vanes
and an average axial velocity of 2.37 m/s. Vector fields were obtained at an axial positions
of 0.25, 4.2 and 30.0 cm above the primary flow jet nozzle. At these axial position the pri-
mary flow was injected at 2.7, 6.7 and 9.4 m/s. The sheet of laser light was about 0.5 cm
thick. Three pulses were taken with intervals of 0.4 and 0.5 ms between the pulses. The
photographs were taken through the axial viewing port. Black and white, 3200 ASA film
was used at an f-stop of 3.3. A 78 mm lens allowed for magnification of the cross-section.
The pictures were developed at a local camera shop. Each picture was then digitized and
analyzed by the auto-correlation program.

Chapter 5
Results
This chapter presents the data taken during the different experiments. Section 5.1 presents
the one-dimensional velocity profiles taken with the LDV system. Section 5.2 presents the
results of the flow visualization experiments. Finally, Section 5.3 displays the PIV photo-
graphs.
5.1 LDV Velocity Profiles
The profiles given in Figures 5.1 to 5.31 are the velocity profiles at different axial loca-
tions and for different swirl numbers within the swirl chamber. The time averaged velocity
profiles, taken with the LDV system, are one-dimensional. Each data point is averaged
over a period of about 1 to 2 minutes. The following symbols are used in the plots:
x is the axial position with the nozzle exit taken as x equal to 0,
r is the radial position with the axis taken as r equal to 0. The wall of the test
section is located at an r of 5.08 cm,
u is the velocity in the axial direction,
v is the velocity in the tangential direction,
Uavg is the average velocity in the axial direction,
Vavg if the average velocity in the tangential direction,
Uj is the velocity of the primary flow at the nozzle exit,
Dj is the diameter of the primary flow nozzle (0.77 cm for all experiments),
S is the swirl number.
All variables are nondimensionalized to allow comparison of results between experi-
ments. The axial and tangential velocities are nondimensionalized by the average axial
and tangential velocities respectively. The velocity of the primary flow jet is nondimen-
sionalized by the average axial velocity. All distances are nondimensionalized by the
diameter of the primary flow nozzle.
5.1.1 Axial Velocity with a Swirl Number of 0.51
Figures 5.1 to 5.3 show axial velocity profiles for a swirl number of 0.51, Reynolds num-
ber of 118,000 and average axial velocity of 1.16 m/s. The profiles for different injection
rates but similar axial positions are given on the same plot. Near the wall of the test sec-
tion, r/Dj of 6.5, the axial profiles resemble fully developed flow in pipes. With no injec-
tion of the primary flow, deviation from the fully developed profile occurs at an r/Dj
between 4.5 and 5.5. For smaller values of r/Dj, the velocity decreases as you get closer to
the axis. However, when the primary flow is injected, the velocity increases close to the
axis and the velocity decreases for r/Dj greater than 3.
The increase in the axial velocity close to the axis due to the primary flow is some-
times called the jet boundary layer.
x / Dj = 0.6
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Figure 5.1: Axial velocity is plotted versus radial position for x / Dj = 0.6.
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Figure 5.2: Axial velocity is plotted versus radial position for x / D = 7.2.
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Figure 5.3: Axial velocity is plotted versus radial position for x / Dj = 13.8.
Lets look at Figures 5.1 to 5.3 a little closer. First, in Figure 5.1, the axial velocity
increases for increasing injection rate. For a UjlUavg equal to 8.07 the axial velocity is
greater than for a Uj/Uavg of 5.76, which is greater than for a Uj/Uavg of 2.31. Second, the
growth of the jet boundary layer can be seen by comparing Figure 5.1 with 5.2. The jet
boundary layer has spread in the radial direction at an x/Dj of 7.2. Also, the magnitude of
the different velocity profiles still increases for increasing Uj/Uavg. Finally, the profiles in
Figure 5.3 are similar to the profiles in Figure 5.2 except the boundary layer of the jet has
grown slightly.
5.1.2 Axial Velocity with a Swirl Number of 0.59
Figures 5.4 to 5.7 show the axial velocity profiles for a swirl number of 0.59, Reynolds
number of 242,000 and average axial velocity of 2.39 m/s. There are many things to note.
First, all of the profiles share the same form. They are similar to fully developed flow in
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pipes until an r/Dj of about 5. The velocity then decreases as you move closer to the axis
until the effect of the primary flow jet increases the velocity. Second, the higher the pri-
mary flow injection rate the higher the velocity near and on the axis. Third, as the axial
distance is increased, the boundary layer of the jet grows in the radial direction. Fourth,
the shape of the profiles are very similar outside of the jet boundary layer. Note that the
only difference in the profiles outside of the jet boundary layer is that for higher primary
flow injection, the magnitude of the axial velocity decreases. Finally, the velocity at the
axis decreases for increasing axial distances.
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Figure 5.4: Axial velocity is plotted versus radial position for x / Dj = 0.3.
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Figure 5.5: Axial velocity is plotted versus radial position for x / D = 2.5.
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Figure 5.7: Axial velocity is plotted versus radial position for x / Dj = 7.6.
5.1.3 Axial Velocity with a Swirl Number of 0.82
Figures 5.8 to 5.11 present the axial velocity profiles for a swirl number of 0.82, Reynolds
number of 241,000 and average axial velocity of 2.37. Once again, the profiles for differ-
ent injection rates but similar axial positions are given on the same plot. These plots show
similar trends to the previous profiles. First, the profiles are similar to fully developed flow
in pipes until an r/Dj of about 5. The velocity then decreases until the effect of the primary
flow injection increases the axial velocity close to the axis. Second, the jet boundary layer
grows in the radial direction as the axial distance increases. Third, outside of the jet
boundary layer, the shape of the profiles are similar. The only difference in the profiles is
the axial velocity decreases as the primary flow injection rate increases. Finally, the veloc-
ity close to the axis, with no injection, increases as the axial distance increases.
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Figure 5.8: Axial velocity is plotted versus radial position for x / Dj = 0.3.
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In Figure 5.9, note that the velocity close to the axis is greatest when Uj/Uavg is equal
to 2.82. This is the only time that a lower primary flow injection rate produces a higher
axial velocity than a higher primary flow injection rate.
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Figure 5.9: Axial velocity is plotted versus radial position for x / D = 5.4.
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Figure 5.10: Axial velocity is plotted versus radial position for x / Dj = 9.8.
In Figure 5.11, note that the velocity close to the axis is highest when the primary flow
is not injected. This is the only time this occurred. It is also the only time a velocity profile
is taken so far downstream.
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Figure 5.11: Axial velocity is plotted versus radial position for x / Dj = 38.7.
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5.1.4 Tangential Velocity with a Swirl Number of 0.51
The tangential velocity profiles for a swirl number of 0.51, Reynolds number of 118,000,
average axial velocity of 1.16 m/s and average tangential velocity of 0.88 m/s, are given in
Figures 5.12 to 5.14. Each figure shows the profiles for different injection rates but the
same axial distance. The profiles have the same shape as a Rankine's vortex. In Figures
5.12 and 5.13, the core of the Rankine's vortex, when Uj/Uavg is 2.31 or less, extends to an
r/Dj of about 2. When Uj/Uavg is 5.76 or greater, the core of the Rankine's vortex extends
to a r/Dj of about 1. This is the only time that a difference in injection rate produced a
shrinking of the vortex core.
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Figure 5.12: Tangential velocity is plotted versus radial position for x / Dj = 0.6.
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Figure 5.13: Tangential velocity is plotted versus radial position for x / Dj = 7.2.
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Figure 5.14: Tangential velocity is plotted versus radial position for x / D = 13.8.
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5.1.5 Tangerntial Velocity with a Swirl Number of 0.59
The tangential velocity profiles for a swirl number of 0.59, Reynolds number of 242,000,
average axial velocity of 2.39 m/s and average tangential velocity of 2.20, are presented in
Figures 5.15 to 5.18. The core of the Rankine's vortex is around 2.5 nozzle diameters for
all tangential velocity profiles except Figure 5.18, where the core radius is around 3 nozzle
diameters. The only other thing to notice in these plots is that each profile is similar in
shape and magnitude no matter what injection rate or axial position.
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Figure 5.15: Tangential velocity is plotted versus radial position for x / Dj = 0.3.
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Figure 5.16: Tangential velocity is plotted versus radial position for
1.2
1
'20.8
0.6
0.4
0.2
x/ Dj = 2.5.
x / Dj = 5.4
0 1 2 3 4 5 6
r/ Dj
Figure 5.17: Tangential velocity is plotted versus radial position for x / Dj = 5.4.
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Figure 5.18: Tangential velocity is plotted versus radial position for x / Dj = 7.6.
5.1.6 Tangential Velocity with a Swirl Number of 0.82
Finally, Figures 5.19 through 5.20 present the tangential velocity profiles for a swirl
number of 0.89, Reynolds number of 241,000, average axial velocity of 2.37 m/s and
average tangential velocity of 2.68 m/s. As in the tangential velocity profiles for a swirl
number of 0.59, each profile is very similar in shape and magnitude. In every plot the vor-
tex core has a radius of around 2.5 nozzle diameters. In Figure 5.20 the datapoints taken at
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a r/Dj of 6.5 seem to wander from the Rankine's vortex velocity profile. This data set is
most likely in the boundary layer of the test section walls.
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Figure 5.19: Tangential velocity is plotted versus radial position for x / Dj = 0.3.
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Figure 5.20: Tangential velocity is plotted versus radial position for x / Dj = 5.4.
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Figure 5.21: Tangential velocity is plotted versus radial position for x / Dj = 9.8.
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Figure 5.22: Tangential velocity is plotted versus radial position for x / Dj = 38.7.
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5.1.7 Axial Velocity for all Swirl Numbers
In Figures 5.23 to 5.30, some of the axial and tangential velocity profiles are plotted again.
However, this time profiles for different swirl numbers are plotted on the same graph.
In Figure 5.23, the axial velocity begins to decrease at an r/Dj of 4, when the swirl
number is 0.51. However, for larger swirl numbers, the decrease in velocity begins at an r/
Dj of 5.5.
0 1 2 3 4 5 6
r/Dj
Figure 5.23: Axial velocity is plotted versus radial position for different swirl numbers.
Figure 5.25 demonstrates that when the primary flow is injected along the axis of the
secondary flow, the axial profiles close to the nozzle do not seem to change for different
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Figure 5.24: Axial velocity is plotted versus radial position for different swirl numbers.
Further downstream the velocity profiles are similar despite the change in swirl num-
ber. This can be seen in Figure 5.25. With no injection, the axial velocity profiles only
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diverge from similarity at the axis. The velocity at the axis increases
numbers.
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Figure 5.25: Axial velocity is plotted versus radial position for different swirl numbers.
The trends in the axial velocity profiles in Figure 5.26 are the same as those in Figure
5.25. The profiles are similar for a swirl number of 0.59 and 0.81, and the profile for a
swirl number of 0.51 is influenced by the large injection rate.
112
6
0 o o
x +
i o5 x
0 0Xx
i x x
o
-............................ LEG E N D " .
o= S = 0.51, Uj/Uavg = 0-00, x / Dj of 13.8
Sx = S = 0.59, Uj/Uavg = 0.00, x / Di of: 7.6
+ = S = 0.82, Ui/Uavg = 0.00, x / Dj of 9.8
-
2
1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
n
0 1 2 3 4 5 6
r / Dj
Figure 5.26: Axial velocity is plotted versus radial position for different swirl numbers.
5.1.8 Tangential Velocity for all Swirl Numbers
The tangential velocity profiles for different swirl numbers are plotted in Figures 5.27 to
5.30. However, plotting the data in this form does not show anything different than the
previous plots of the tangential velocity profiles. The profiles do not change in shape or
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Figure 5.27: Tangential velocity is plotted versus radial position for different swirl num-
bers.
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Figure 5.28: Tangential velocity is plotted versus radial position for different swirl num-
bers.
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Figure 5.29: Tangential velocity is plotted versus radial position for different swirl num-
bers.
1.4
1.2
1
0.8
0.6
0.4
0.2
0 1 2 3 4 5 6
r / Dj
Figure 5.30: Tangential velocity is plotted versus radial position for different swirl num-
bers.
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5.1.9 Axial Velocity Profile with No Swirl
The last of the one-dimensional velocity profiles is plotted in Figure 5.31. The axial veloc-
ity is plotted for no primary flow injection and no swirl. Different axial positions are repre-
sented with different symbols. The profiles increase from the wall of the swirl chamber
and then level off between an r/Dj from 4 to 1. The axial velocity then decreases slightly at
the axis.
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Figure 5.31: Axial velocity is plotted versus radial position for a swirl number of 0.0.
Note that the profile is similar to fully developed, turbulent flow in pipes.
5.2 Flow Visualization Data
5.2.1 Quantifying the Rate of Mixing
The growth of the primary flow jet boundary layer can be seen in Figure 5.32. The radius
of the jet boundary layer is shown at different axial positions. Both the radius, r, and the
axial positions, x, are nondimensionalized by the diameter of the primary flow jet nozzle,
Do.
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When the secondary flow is not swirled, the radius of the jet boundary layer is equal
for an x/Dj of 0.3, 5.4 and 9.8. Also, by examining Figure 5.32, it can be seen that the
growth of the jet boundary layer, when there is no swirl, can be fitted with a straight line.
With a Uj/Uavg of 3.67, the equation of the line is x/Dj = 21.7r/Dj - 11.6. The average error
for this curve fit is 13%.
As seen in the figure below, with a swirl number of 0.82, the jet boundary layer grows
quickly close to the nozzle exit. After about 10 nozzle diameters downstream, the growth
rate of the jet boundary layer decreases dramatically. Finally, and most importantly, the
radius of the jet boundary layer with swirl is larger, at every axial position, than the radius
of the jet boundary layer without swirl.
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Figure 5.32: Radius of the primary flow jet is plotted versus axial position. All variables
are nondimensionalized. The swirl number is 0.0 and 0.82, the Reynolds number is
241,000, the average axial velocity is 2.37 m/s and the diameter of the primary flow noz-
zle is 0.77 cm
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5.2.2 Longitudinal Cross-sections
The following pictures, Figures 5.33 to 5.35, are longitudinal cross-sections of the
flow. The swirl number is 0.82, the average axial velocity is 2.37 m/s and the Reynolds
number is 241,000. The walls of the test section can be seen at the sides of each photo-
graph. The primary flow nozzle can be seen in the bottom-middle of each photograph. The
primary flow jet has been died with fluorescein sodium salt and appears yellow.
In Figure 5.33, Uj/Uavg equals 1.13, in Figure 5.34, Uj/Uavg equals 2.82 and in Figure
5.35, Uj/Uag equals 3.95. These pictures were taken to get a visual representation of the
flow. Only qualitative information can be obtained with these pictures. By examining the
three pictures, it can be seen that increasing the primary flow injection rate increases the
intensity of the fluoresced jet. The radius of the jet boundary layer does not change dra-
matically as the injection rate increases. Another observation is that the boundary layer
grows very quickly close to the nozzle, in each picture. After about 5 diameters down-
stream of the nozzle the growth rate decreases dramatically.
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Figure 5.33: Longitudinal cross-section of the primary and secondary flows. The primary
flow has been died with fluorescein sodium salt. UjUavg is 1.13, the swirl number is 0.82,
the average axial velocity is 2.37 m/s and the Reynolds number is 241,000.
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Figure 5.34: Longitudinal cross-section of the primary and secondary flows. The primary
flow has been died with fluorescein sodium salt. Uj/Uavg is 2.82, the swirl number is 0.82,
the average axial velocity is 2.37 m/s and the Reynolds number is 241,000.
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Figure 5.35: Longitudinal cross-section of the primary and secondary flows. The primary
flow has been died with fluorescein sodium salt. Uj/Uavg is 3.95, the swirl number is 0.82,
the average axial velocity is 2.37 m/s and the Reynolds number is 241,000.
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5.2.3 Axial Cross-sections
Figures 5.36 to 5.39 are pictures of axial cross-sections at different axial positions and
different injection rates. In every picture, Uj/Uavg is equal to 3.95. Once again, the swirl
number is 0.82, the average velocity is 2.39 m/s and the Reynolds number is 241,000. The
walls of the swirl chamber can be seen as the a solid dark green circle in each picture. The
primary flow has been dyed with fluorescein sodium salt and appears yellow. These pic-
tures are used to obtain some of the data in Figure 5.32. Therefore, refer to Figure 5.32 for
the size of the jet boundary layer radius.
There are a couple of things to note in these figures. First, the absolute size of the test
section in each photograph is different. This is because each axial cross-section is at a dif-
ferent distance from the camera. Nonetheless, the test section diameter remains constant,
at 4 inches, and can be used as a scale in each photograph. Second, in Figure5.36, there is
a yellow arm that extends from the primary flow. The arm extends in the counterclockwise
direction. Third, the primary flow in Figures 5.37 and 5.38 seems cloudy. Finally, another
arm can be seen extending from the primary flow in Figure 5.39. However, this time the
arm extends in the clockwise direction.
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Figure 5.36: Axial cross-section of the primary and secondary flows. The primary flow
has been died with fluorescein sodium salt. x/Dj is equal to 0.3, Uj/Uavg is 3.95, the swirl
number is 0.82, the average axial velocity is 2.37 m/s and the Reynolds number is
241,000.
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Figure 5.37: Axial cross-section of the primary and secondary flows. The primary flow
has been died with fluorescein sodium salt. x/Dj is equal to 5.4, Uj/Uavg is 3.95, the swirl
number is 0.82, the average axial velocity is 2.37 m/s and the Reynolds number is
241,000.
Figure 5.38: Axial cross-section of the primary and secondary flows. The primary flow
has been died with fluorescein sodium salt. x/Dj is equal to 9.8, Uj/Uavg is 3.95, the swirl
number is 0.82, the average axial velocity is 2.37 m/s and the Reynolds number is
241,000.
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Figure 5.39: Axial cross-section of the primary and secondary flows. The primary flow
has been died with fluorescein sodium salt. x/Dj is equal to 38.7, Uj/Uavg is 3.95, the swirl
number is 0.82, the average axial velocity is 2.37 m/s and the Reynolds number is
241,000.
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5.3 Particle Image Velocimetry Pictures
Figures 5.40 shows a PIV picture. The Nd:YAG laser has been double pulsed in this pic-
ture. The time between laser pulses is 0.5 ms. From the LDV measurements, it is know
that the swirl number is 0.82, Vavg is 2.68 m/s, the Reynolds number is 241,000 and Uj/
Uavg is 3.95.
Only the bottom left corner of the picture is used for analysis because of memory
problems with the computer that runs the analysis program. Note that the distance
between particle pairs is greatest at an r/Dj of about 2 to 3. Also, the distance between par-
ticles is smaller close to the wall and near the axis.
Figure 5.40: PIV picture of an axial cross-section at an x/Dj of 38.7.
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The two-dimensional velocity profile obtained from Figure 5.40 is given in Figure
5.41. The axis of the test section is located in the upper left hand corner of the plot. The
wall of the test section begins at an (X, Y) position of (0, 150). It then curves with the
arrows until an (X, Y) position of (600, 750). The stray velocity vectors are due to an
incorrect correlation between different particles. The empty space located at (200, 500) is
caused by a dark spot on the photograph. Notice that the flow is rotating in the counter
clockwise direction. This is consistent with the flow visualization results. The average tan-
gential velocity vector measured from this two-dimensional profile is 2.7 m/s.
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Figure 5.41: Two-dimensional axial velocity field of one quarter of the test section.
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Chapter 6
Discussion
This chapter presents the findings of the research. Section 6.1 discusses the trends in the
one-dimensional velocity profiles for different boundary conditions. Section 6.2 studies
the results of the flow visualization pictures and discusses the mixing of the primary and
secondary flows. Section 6.3 discusses the results of the PIV data.
6.1 One-Dimensional Velocity Profiles
This section presents the trends found in the one-dimensional velocity profiles as the swirl
number, primary flow injection rate and axial position are varied. However, before the
trends are shown in Section 6.1.2, the validity of the one-dimensional profiles is discussed
and the data is compared to profiles obtained by previous researchers in a similar swirl
chamber. After the trends have been discussed in Section 6.1.2, some unexpected findings
in the velocity profiles are described in Section 6.1.3.
6.1.1 Validation of the One-dimensional Velocity Profiles
To check the validity of the LDV measurements, the conservation of mass is applied to the
flow for each velocity profile. First, the secondary volume flow rate is calculated using the
axial velocity profiles with no injection. The volume flow rate from the primary flow
pump is then added to the secondary volume flow rate, thus giving the total volume flow
rate. The average velocity of the combined flows is then calculated and compared to the
measured average velocity. For a swirl number of 0.81, when the average velocity mea-
sured by the LDV system is compared to the average velocity calculated above, the aver-
137
age error for all axial positions and injection rates is 4.9%. For a swirl number of 0.59 the
average error is 6.0%. For a swirl number of 0.51 the average error is 26.9%.
The large error for a swirl number of 0.51 may be due to the error in the numerical cal-
culation of the average velocity from the axial velocity profiles. The trapezoidal rule is
used to integrate the profiles and obtain the average velocity. However, because of the
large primary flow injection rates, a denser velocity sampling may be needed. This large
error also occurs for all swirl numbers close to the nozzle, where the effect of the primary
flow injection dominates the flow and large velocity gradients are present.
If the large errors close to the nozzle are omitted from the averages, the average error
in the comparison of the measured average velocity to the theoretical average velocity is:
2.8% for a swirl number of 0.81, 4.3% for a swirl number of 0.59 and 19.5% for a swirl
number of 0.51. Therefore, the LDV data seems to obey the conservation of mass. The
large errors in the comparison encountered close to the nozzle, and for large primary flow
injection rates must be due to numerical integration.
Li and Tomita [15] performed an experiment on the degradation of swirl in a circular
pipe.They used air as the working fluid in a vane type swirl chamber. They found the tan-
gential velocity profile to be a Rankine's vortex, and the axial velocity profile to dip at the
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Figure 6.1: Sketches of axial and tangential velocity profiles reported by Li and Tomita
[15]. The profiles are taken from a circular pipe with air as the working fluid. The swirl
number is 0.58 and the Reynolds number is 125,000.
axis. The general shapes are sketched in Figure 6.1. These profiles are of the same shape
as the profiles recorded in the MIT swirl chamber. The similarity in profiles is a good
check for the validity of the LDV data.
One interesting difference in the above experiment is that Li and Tomita reported
recirculation at a swirl number of 0.67. Recirculation has not occurred in the MIT swirl
chamber, even at a swirl number of 0.82, which is above the critical swirl number of 0.6.
Many researchers have pointed out that different swirl chambers produce different flow
fields. The lack of recirculation in the swirl chamber at this super critical swirl number
could be due to many mechanisms. First, the 90 degree turn the swirling flow encounters
after the vane array could cause "secondary flows" that disrupt the formation of the recir-
culation zone. Second, recirculation may not have occurred because of the large accelera-
tion the flow experiences after swirl has been imparted by the vanes. Finally, it may be that
recirculation does not occur because water is used as the working fluid. If this is part of the
reason, then compressibility effects could be important to the formation of the recircula-
tion zone. The limited data obtained thus far is not enough to make valid assumptions
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about compressibility effects. More experiments should be run to look into the possibility
that compressibility may be an important mechanism in the formation of the recirculation
zone.
Finally, to validate that the flow in the test section is fully developed, axial velocity
profiles are measured in the test section with a swirl number of 0.0. The results are pre-
sented in Figure 5.31. The axial velocity profile at every axial location is similar to fully
developed flow in pipes. The profiles grow from zero velocity at the wall, then flatten off
beyond the boundary layer due to the wall. The slight dip in the profile at the axis could be
caused by the boundary layer due to the mandrel and the primary flow nozzle. One posi-
tive note is that the profiles in Figure 5.31 are similar at all axial locations, so any differ-
ence in the profiles with swirl are due to the swirl or injection, not the test section itself.
6.1.2 Flow Trends
The axial profiles, without injection, are similar to fully developed flow in pipes, except
that the velocity decreases at an r/Dj of about 4 to 5. This form was common to every axial
velocity profile. The decrease in velocity may be due to the negative pressure gradient that
is set up along the axis because of the swirling flow. The dip in the profiles is not present
when the axial velocity profiles were recorded with no swirl in the secondary flow, see
Figure 5.31.
When the primary flow is injected, while the swirl number and axial distance remain
constant, the axial velocity profile wanders from the shape of the profile with no injection,
revealing two trends, see Figures 5.1 to 5.11. First, close to the axis, the velocity increases.
The higher the primary flow injection rate, the higher the velocity close to the axis. Sec-
ond, the velocity outside of the jet boundary layer decreases. However, this time, the
higher the injection rate, the lower the velocity. The trend of the velocity increasing close
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to the axis and decreasing far away from the axis is a result of the conservation of mass. If
the velocity close to the axis increases due to the primary flow injection, the velocity must
decrease somewhere else, to conserve mass.
As the axial distance is increased, while the swirl number and primary flow injection
rate remain constant, several trends can be seen in Figures 5.1 to 5.11. First, the jet bound-
ary layer grows in the radial direction. The growth is a result of the shear forces exerted on
the secondary flow by the primary flow. Second, the velocity at the axis decreases. The
conservation of mass dictates that if the axial velocity increases in the radial direction due
to the boundary layer growth, the velocity at the axis must decrease. Finally, the velocity
outside of the boundary layer increases. This increase may also be a result of the conserva-
tion of mass and the decrease in velocity at the axis.
As the swirl number is increased, while the primary flow injection rate and axial dis-
tance remain constant, there seem to be no noticeable trends in the data, see Figures 5.23
to 5.30. This could be due to the small increase in swirl number between the three experi-
ments. The swirl number only ranged from 0.51 to 0.82. The range of the swirl number
may have to be larger to reveal any trends in the axial velocity profiles.
Let us now look at the trends in the tangential velocity profiles, Figures 5.12 to 5.22.
The tangential velocity profiles, with and without injection, can be accurately modelled as
a Rankine's vortex. This comes as no surprise because the Rankine's vortex is common to
vane type swirlers. The first trend to note is that the tangential velocity profile never wan-
dered from the Rankine's vortex model, despite changes in the swirl number, primary flow
injection rate and axial position.
Second, the tangential velocity profiles are not affected by changes in the swirl num-
ber, or changes in the axial location. The similarity in the profiles for different axial loca-
tions may be explained by the fact that the distance between axial datapoints is less than
the characteristic distance of decay for swirling flow in pipes. In other words, the distance
travelled by the swirling flow in the axial direction may not be great enough for viscous
losses to be observed. Li and Tomita [15] reported the characteristic length to be between
60 to 100 diameters.
Third, for the most part, a change in the primary flow injection rate does not affect the
tangential velocity profiles. The explanation as to why the tangential velocity profiles do
not change for different injection rates is not clear. Only four profiles, which will be dis-
cussed in the next paragraph seem to be affected by the primary flow injection rate.
A closer look at the tangential velocity profiles in Figures 5.12 and 5.13 reveals that
the core of the Rankine's vortex shrinks in size for high injection rates. This shrinking of
the core could be due to the large values of Uj/Uavg. You see, for the profiles with a core
radius of around 2.5 nozzle diameters, the maximum injection rate corresponds to a Uj/
Uavg of 3.93. Vanyo [18] wrote that the size of the core is affected by axial injection. How-
ever, there may be a critical injection rate that must be exceeded before the core will be
affected. From the data, this critical value could be a Uj/Uavg between 3.93 and 5.76.
Why a critical injection rate needs to be exceeded before a change in the core size is
noticed is not obvious. It could be due to the "secondary flows" in the test section. Shear
forces from the primary flow entrain the secondary flow. This causes a radial flux of the
secondary flow. As the secondary flow moves in radially, angular momentum must be con-
served, so its angular velocity increases. It could be that the shear forces must be large to
notice a change in the overall tangential velocity profile. Therefore, it may be that higher
injection rates, Uj/Uavg > 3.5, produce a strong enough radial flow to observe a change in
the tangential velocity profile.
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6.1.3 Two Unexpected Results in the One-dimensional Velocity Profiles
For a swirl number of 0.82, a x/Dj of 5.4 and a Uj/Uavg of 2.82, the axial velocity close to
the axis is greater than when Uj/Uavg is 3.95, see Figure 5.9. Several LDV runs were per-
formed to validate these data points. This switching of the velocities seems counterintui-
tive. This is the only time that a slower injection rate produces a higher velocity than a
faster injection rate. This could be a result of the interaction of the axial and tangential
vorticity components defined in Section 2.1.3. There appears to be a sinusoidal oscillation
of the velocity profiles at the axis. This should be studied in greater detail to make valid
conclusions as to the cause of the oscillation. This oscillation could be a mechanism that
affects the mixing of the primary and secondary flows. It could also be related to the oscil-
lation of the mass transfer types discussed in Section 6.2.3.
By studying the axial velocity profiles in Chapter 5, it can be seen that the axial veloc-
ity at the axis of the swirl chamber, when there is no injection, increases for increasing x/
Dj, if the swirl number is greater than 0.51. As a matter of fact, far downstream of the noz-
zle, Figure 5.11, the velocity at the axis is greatest when there is no injection. In other
words, injection only slows down the flow at the axis far downstream. This increase in
velocity at the axis can be explained with the aid of Bernoullis equation. This analyses
was first performed by Batchelor in 1964 [20]. If a streamline is taken from before the test
section to the core of the vortex, the pressure decreases. Therefore, using Bernoullis equa-
tion, the velocity must increase at the axis of the vortex core. Also, the stronger the swirl,
the lower the pressure at the core, from equation 2.9. This decrease in pressure for higher
swirl numbers causes the velocity along the axis to increase as seen in Figures 5.4 to 5.11.
However, in Figure 5.11, the pressure at the axis could be increased by the injection of the
primary flow, this would cause the axial velocity to decrease at the axis far downstream of
the nozzle, which causes the axial velocity to be greatest when there is no injection.
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6.2 Flow Visualization
The axial flow visualization pictures presented in Section 5.2 are used to quantify the rate
of mixing of the primary and secondary flows. The rate of mixing can be quantified by
measuring the growth of the primary flow jet boundary layer. The rate of mixing is dis-
cussed in Section 6.2.1. Additionally, two unexpected trends in the flow visualization pic-
tures are discussed in Sections 6.2.2 and 6.2.3.
6.2.1 Rate of Mixing
The rate of mixing was quantified by measuring the growth of the primary flow jet bound-
ary layer. The growth of the jet boundary layer is plotted in Figure 5.32. The plot shows
that without swirl, the boundary layer grows linearly, as theory predicts [21]. The average
error in a linear curve fit is 13%. This error could be due to the fact that a ruler was used to
measure the area of the jet boundary layer, because the pictures with no swirl were to dark
to digitize. With swirl, the boundary layer grows very quickly immediately after the noz-
zle. The growth rate then decreases sharply after an x/Dj of 10.
The most interesting result of the mixing rate measurements is that the two fluids mix
faster when the secondary flow is swirled. The opposite occurs in burning, compressible
experiments. The reason swirl increases the mixing is still unknown. It could be that the
absolute velocity vector in the swirling flow is greater than the absolute velocity vector in
the flow with no swirl, even though the average axial velocities are equal. The increase in
the total velocity may increase the turbulent mixing in the swirling flow. In a compressible
flow, the increase in turbulent mixing due to the increased velocity vector may be sup-
pressed by the stratifying effects of the radial density gradient.
The increase in primary flow injection rate does affect the growth rate of the interface
of the two fluids, when the secondary flow is swirled. The greater the injection rate, the
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faster the interface growth, particularly close to the nozzle exit. A change in the primary
flow injection rate does not affect the mixing rate, when the secondary flow is not swirled.
6.2.2 Mass Transfer Transition
Close to the nozzle exit, less than one diameter downstream, the primary flow jet has no
tangential velocity component, which creates large tangential velocity gradients between
the primary and secondary flows. These velocity gradients may cause convection to be the
primary mass transfer mechanism. This is observed in Figure 5.36, the yellow arm being
torn off the jet reveals that the primary flow is being convected into the secondary flow.
However, 5 to 10 diameters downstream of the nozzle, in Figure 5.37 and 5.38, the dyed
jet seems cloudy, as if the primary flow is diffusing into the secondary flow. Finally, at 30
diameters downstream, in Figure 5.39, the yellow arm is being torn off the primary flow
jet once again, signifying a transition back to convection.
This transition from convection to diffusion and back to convection is unexpected. The
interaction of the axial and tangential vorticity components could once again be the cause.
Close to the nozzle, the axial vorticity component seems to be large creating velocity gra-
dients which cause the primary flow to be convected into the secondary flow. Further
downstream the energy from the axial vorticity component could be transferred to the tan-
gential vorticity component, reducing the velocity gradients and causing a transition to
diffusion. The transition back to convection far downstream shows that the process may
be sinusoidal. This switch in the strength of the vorticity components is similar to the
oscillation of a pendulum and the conversion of potential energy to kinetic. Once again,
this phenomena needs to be studied thoroughly before any solid conclusions can be made.
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6.2.3 Reversal of Arms
The primary flow that is convected into the secondary flow, in Figure 5.36, forms an arm,
visually similar to a sun flare, in a counter clockwise direction. Far downstream, in Figure
5.39, another arm is seen. However, this time the arm is convected in a clockwise direc-
tion. Once again, this switch in the direction of the arm is unexpected. It may be explained
in the following way. Close to the nozzle, the radius of the primary flow jet boundary layer
is 0.5 nozzle diameters. The boundary layer is well within the vortex core, which means
the tangential velocity gradient is positive. In other words, the secondary flow has a larger
tangential velocity component. Because the secondary flow is swirling in the counter
clockwise direction, it may be tearing off part of the slower primary flow in the counter
clockwise direction, creating the arm. Far downstream, the radius of the boundary layer is
3 nozzle diameters. The boundary layer has grown beyond the core of the vortex into the
inviscid region, where the velocity decays as 1/r. The velocity gradient is now negative, so
the primary flow has a larger tangential velocity component. The secondary flow may
slow down the primary flow, creating an arm that lags behind the primary flow in the
clockwise direction.
6.3 Particle Image Velocimetry
The particle image velocimetry systems works successfully. The results are given in Fig-
ure 5.41. The two-dimensional velocity field shows the instantaneous velocity distribution
in one-quarter of the test section. The velocity vectors correctly track the swirling flow. By
examining the magnitude of the vectors it can be seen that the velocity is a maximum at an
r/Dj of about 2 to 3. The average tangential velocity measured from the picture is 2.7 m/s.
This corresponds well with the LDV measurements.
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Chapter 7
Conclusions
7.1 Accomplishments
As stated in Chapter 1, the goal of the thesis is to obtain a better understanding of the fun-
damental physics of the swirl mixing process within combustion chambers and how it dif-
fers from non-swirling processes. A swirl chamber is designed and constructed to simulate
coaxial combustors. Using water as the working fluid, the swirl chamber is dynamically
scaled to a wide range of combustion chambers. The swirl number can be adjusted from 0
to 1, the Reynolds number from 15,000 to 300,000 and the primary to secondary momen-
tum flux ratio from 0 to 60. By using an incompressible fluid to simulate the primary and
secondary flows, the determination of mixing rates is greatly simplified while still allow-
ing accurate velocity measurements.
7.1.1 One-dimensional Velocity Profiles
One-dimensional, time averaged axial and tangential velocity profiles are measured
during the mixing process using a laser Doppler velocimetry system. This data is used to
investigate the changes in the velocity profiles for different swirl numbers, S, and primary
flow injection rates, Uj, thus providing insight into the mechanisms which govern these
complex flows. The swirl number is varied from 0 to 0.82, the non-dimensionalized pri-
mary flow injection rate varies from 0 to 8 and the non-dimensionalized axial distance var-
ies from 0 to 30. All variables are nondimensionalized by the average axial velocity, Uavg
and the primary flow nozzle diameter, Dj. The following phenomenon are observed in the
LDV velocity profiles.
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Close to the walls of the test section, the axial velocity profiles are similar to fully
developed flow in pipes. The wall boundary layer extends about 0.5 to 1 nozzle diameters
into the flow. At about 1 to 2 nozzle diameters from the wall, the axial velocity begins to
decrease radially inward. It continues to decrease until the effect of the primary flow jet
increases the axial velocity close to the axis. This decrease in the axial velocity appears to
be a direct result of the radial pressure gradient present in the vortex core. The lowest
pressure in a vortex occurs at the axis, the pressure then increases radially outward. The
higher pressures produce a larger driving force, which may result in a higher velocity at
larger radii. With the absence of swirl, the radial pressure gradient is not present. There-
fore, the axial velocity profile should not decrease for radial distances less than 5 nozzle
diameters from the nozzle exit. The measured axial velocity profile with no swirl demon-
strates this.
Close to the axis, the axial velocity with injection is greater than the axial velocity
without injection. Also, the axial velocity with injection is less than the axial velocity
without injection for radial positions outside the primary flow jet boundary layer. This
increase and decrease of the axial velocity may be a direct consequence of the conserva-
tion of mass.
By comparing the axial velocity profiles at different downstream positions, it is found
that the measured primary flow jet boundary layer expands in the radial direction as the
axial distance increases. The LDV measurements show that the radial growth is not linear
with axial distance. The boundary layer grows quickly close to the nozzle, after about 10
nozzle diameters downstream the growth rate decreases sharply. The fast growth rate close
to the nozzle may be due to the large shear layer set up because of the large radial velocity
gradient near the nozzle. The shear layer creates a tangential vorticity component, which
may contribute to the increase in boundary layer growth. Further downstream, where the
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mixing rate decreases, the radial velocity gradient decreases, which may be the cause of
this decrease in mixing.
When the axial velocity profiles with no injection are compared at different axial posi-
tions, for a swirl number greater than 0.51, the axial velocity at the axis can be seen to
increase with greater downstream distances. Batchelor [20] observed and explained a sim-
ilar occurrence in his study of vortices shed from the end of aircraft wings. The same anal-
ysis may apply here. If a streamline is taken from before the entrance of the test section to
the core of the vortex, the pressure decreases. Therefore, using Bernoullis equation, the
velocity must increase along the axis of the vortex core. Also, the stronger the swirl, the
lower the pressure at the core. This decrease in pressure for higher swirl numbers may fur-
ther cause the velocity along the axis to increase.
Under all conditions, the tangential velocity profiles share the form of a Rankine's vor-
tex, with a core of approximately 2 to 3 nozzle diameters in radius. The shape and magni-
tude of the tangential velocity profiles does not change despite variations in the swirl
number, axial position and primary flow injection rate. Only four tangential velocity pro-
files had a core with a radius of 1 nozzle diameter. These four profiles may be influenced
by the large shear layer caused by the high primary flow injection rate. The non-dimen-
sionalized primary flow injection rate is over two times higher for these profiles, than for
the profiles with a core of 2 to 3 nozzle diameters. The large shear layer between the pri-
mary and secondary flows may cause a large radial influx of the secondary flow; and,
because the secondary flow is rotating, the conservation of angular momentum requires
the tangential velocity of the secondary flow to increase as it moves in radially. This
causes the vortex core to shrink. However, the reason the core only shrinks for profiles
with high injection rates may be the result of an injection rate threshold which must be
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exceeded before the shear layer becomes strong enough for the tangential velocity profiles
to be effected.
7.1.2 Rate of Mixing of the Primary and Secondary Flows
Measurements of the mixing of the primary and secondary flows are made for differ-
ent swirl numbers, primary flow injection rates and axial distances. Measurements are
taken for a swirl number of 0 and 0.82, while the non-dimensionalized primary flow injec-
tion rate varies from 0 to 8 and the non-dimensionalized axial distance varies from 0 to 30.
The radial growth of the interface between the primary and secondary flows is measured
by dying the primary flow with fluorescein sodium salt and photographing an axial cross-
section of the flow created with an argon-ion laser. The size of the primary flow jet, at dif-
ferent axial distances, is measured from a digital copy of the photograph. The following
effects swirl and injection rate have on the mixing are observed:
Swirl increases the rate of mixing between the primary and secondary flows at all axial
positions, when compared to the no swirl mixing rate. This may be because the absolute
velocity vector in the swirling flow is greater than the absolute velocity vector in the flow
with no swirl, even though the average axial velocities are equal for the swirl and no swirl
conditions. The increase in the total velocity may increase the turbulent mixing in the
swirling flow. In compressible, burning experiments, for example Beer et al. [5], swirl
decreases the mixing between the primary and secondary flows. They note that when the
density increases radially outward within a swirling flow, a stable density stratification is
formed which decreases the turbulent mixing. However, in the incompressible flow stud-
ied here, there is no radial density gradient to decrease the turbulent mixing.
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As in the LDV velocity profiles, when swirl is present, the interface between the pri-
mary and secondary flows grows quickly close to the nozzle. At around 10 nozzle diame-
ters downstream, the growth rate decreases sharply. This was discussed in section 7.1.1.
The absence of swirl produced a linear growth of the jet in the radial direction with
increasing axial distances, and made the growth rate immune to changes in the injection
rate. This corresponds to Abramovich's theory that the growth rate of a confined jet
exhausted into another moving fluid should be linear [21].
7.1.3 Particle Image Velocimetry
The particle image velocimetry systems works successfully. PIV is performed with a swirl
number of 0.82. The two-dimensional velocity field shows the instantaneous velocity dis-
tribution in one-quarter of the test section. The velocity vectors correctly represent the
swirling flow. The velocity is a maximum at an r/Dj of about 2 to 3. The average tangential
velocity measured from the profile is 2.7 m/s. This corresponds well with the LDV mea-
surements.
7.2 Recommendations for Future Work
7.2.1 Experiments
The velocity profiles and flow visualization pictures provide insight into the fundamental
mechanisms which govern the flows. However, because of the limited data, no solid con-
clusions can be made about these mechanisms. The author believes that studying these
phenomena may result in a better understanding of how the fundamental mechanisms
affect the mixing of the primary and secondary flows.
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In Section 6.1.1, it is suggested that compressibility effects may be important to the
formation of the recirculation zone because of the lack of recirculation for a super-critical
swirl number in the test section. However, the data obtained in the thesis does not allow
conclusions to be made about this possibility. Therefore, the lack of recirculation for
super-critical swirl numbers in the test section should be examined more closely.
Section 6.1.3 discusses a switch in the velocity at the axis for different injection rates.
However, this only occurs in Figure 5.9. If the interaction of the axial and tangential com-
ponents of vorticity causes the switch, then similar experiments may lead to a better
understanding of the interaction of the two vorticity components, which may be a funda-
mental mechanism that affects the mixing.
Section 6.1.3 also points out the increase in the velocity at the axis with no injection
for swirl numbers above 0.51. Experiments should be performed on this phenomena to see
if this affects the mixing of the primary and secondary flows.
Section 6.2.2 reveals the transition of the mass transfer of the primary into the second-
ary flow. This transition seems important to the mixing of the primary and secondary
flows. More experiments should be run to see if this transition between convection and
diffusion is a fundamental mechanism that affects the mixing of the two flows.
7.2.2 Improving the Swirl Chamber
The swirl chamber has been successfully designed and constructed. However, there are a
few alterations that can be made. First, if the secondary pump is turned on when the valve
to the swirl chamber is open, the transient pressure within the swirl chamber causes the o-
ring between the large cylinder and lid to fail. This may be solved if a pressure release
valve is installed in the swirl chamber. The large transient pressure can also be eliminated
if a DC motor controller is installed in the secondary pump. Second, the reading from the
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pressure transducer which measures the pressure drop across the orifice plate has a sinuso-
idal oscillation. A low-pass filter has been built to reduce the oscillation, however, the
noise persists. If the oscillation can be eliminated, higher accuracy velocity readings can
be achieved. Third, the vanes currently have a rectangular cross-section. If the vanes are
machined to have an aerodynamic cross-section, the efficiency of the vanes may improve,
which may increase the swirl number range. Finally, some combustion chambers have
diverging walls or a sudden expansion. It is suggested that a fixture be machined and
mounted within the test section to model the divergence or sudden expansion in these
combustion chambers.
7.2.3 Improving the PIV System
The particle image velocity system is very robust because of the control over the pulse
spacing and number of pulses. However, there are galvanometers mounted on the laser
that have the ability to bring another dimension to the system. First of all, a CCD camera
can be synchronized with the firing of the laser. With the CCD camera, videos of the flow
can be taken, with two or three pulses occurring for each frame. In other words, each
video frame can capture a two-dimensional velocity field. Second, the galvanometers can
be programmed to discretely sweep the laser sheet in the axial direction, with each video
frame. In this way, consecutive video frames can capture the two-dimensional velocity
fields at increasing axial distances. Therefore, three dimensional velocity movies of the
flow can then be made. All of the equipment to build this system already exists in the lab.
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Appendix A
Detailed CAD Drawings
A.1 Swirl Chamber
157
L/
LUci
09
-J
ED
mI
LU
LJT
- I
c-
CD
aJ
4->
Lc
F--
LC
Lf
r
LU-
<~C
.J09U-ED
ED
U--
L
CD
:3-
09
ozLJ
CU
->-D
LJ
-ED
u-
>
cD
LU
c
1
L
CD
I
Ln
a--
0>
r-11
L_
u
C
Li
o
LLEJ
C
LJ
r'\J
LU
LU
LU
C~L
158
rCL
ED
09
ED
F-
L
I - -
r-,.
w
L
C-L
con
09
U-
ED
ED
ED
CD
-
c
o
CU
----
m
CL
LU_
F-
CO
c::
LUl
LU
LU
t-
m
n
Y
- --- -- --
09
P
cD
159
a9
m
L
CD
CN9clC
CD
Lm
C-1
L-u 2
cJ m
I
u", L2D
cz-;
mCDci_
L")F
w1
1 51;
F-
nI
NU
C
o
o
n
a
o
m
z
at
o
Cm
Cm
Cm
Cm
CM-
C-C
Cm
- CM
CCx
D?
EILI
CH
160
CDiL-M
r
.--
L-LiF-
CND
c-o
CD
"G-
A,
Lrý
cli-
rn
C
U
c-,
Ln O
m
o L
a u
cn ur
~a~
o o_-
C~U
C
c
c
L aT-D
vlr-
r a,
u-
coc~
-- 1=
~~b~T-i
C.JL
U
C>
OT70
r a~ m
u
coL
C~ [1 ~
=IVIC'
O
C )-~
r--C3
" LX
L vl
r\J
ru o
m~o
~-;fc
-- C~i O
162
I
~J\ s
L
L QJ U m
on in c
-t uaJ o
r
~ru ul o o ~n
o -~ml= c
--QJ O L5 LULL~U
CO UC OO _O -O ~i --QJ ~
Ir L U am aJ
o~ a, c~ cS3 U [la o O
OC~n o ZL ~ m
_r o ~-cn n
u IJ -- - aJ
cL~~
~ aJ a i>
C
C ~i
O Cu d C7 U
[F--7D
D
c1
L-
O-j
1C-5r -ý
163
~ct m
n
~1
pIT]
I-j
164
N
4
t
L3L
I
u
YU
Pa
vl
o
5
6U
~L3LnLU
tQULU7r-OOLCYQ
aa
m
o
LU
N
u
C
B
a B
4m
uCYLLUZ
t440L
btj--c
__
U
Z
-.4
at --
UJ "7
_--
09- 99
jn rN cn
09 09
CI '-4- 0
m- -ci
09 -0--
>- 09 (7-
u 9 4i c ib
0909 0
99 0
09 0
L09 >-I cz rID
4- 09 +-
09
09 `-F- 09
-4- 09 -4- ci
09 n0 09 c
09 09I 9
09 09 0
-4- 09-->
u-n 09r ac 09>
09 - u-- 09
Fl ci09 0
oc 09
:T~- -4--
-4- 09 0
- 10 -4-> 09
vr 09 d- 0l 099 09 09 ->
- ci ( D9 0
099 09
09 09
C09 09 -4- _09 9
c 0 09 ~
165
CD
C-z
166
L-/, \ 
t
I_
F-
C14f
--z
167
oc
Ln
Lr i
C.<
>. >
168
Ln
ru a
m-o
-t- t
4' '1 ' Ir
x
~,,,
x
O
rl`l
m
LT)
- C:DCD) UDm co
C-\
Ln
(a- L-:ai
>-- _CD
cD: U) - CDC -- --
: -: -C-)aO C_• w
169
Li c
ci-
cci a~ ci ci
ci -c ci m
ci -- c ci
iD ci ci
iL UCi
- ci ci
cc D- Ci
O ci
cicJ
ciD ci ci
-ci Aic-)ci cii
- Li
(Ii C-11
FI- C C
E--J
170
,I
C-
QJcma
r-,
cm
c r
C-•d C)
-c
cmi
cm ci L
cm ci C
U- Li c
-i ~ U
c
LO
Z
C-
c,xx
cm
Lr-l
U-1CJ
c
c
C-Jo
Zl
171
Lcm
C-
-n
LI
- -Im LiLiiL
C--
C-D
a,
oJ
o
-e
I I
x
C3
L-L
F-
r-L
172
m
1
~L
-Ep
II
X
/I
o
....
F-L
-110-
U
U
u
oi
a
r
LL3
w
wLL]
m
Cfw
173
J
u
LLJ
tmzt--
<L
iJ
x
az
H- I
~Z H-
m Lz
U-
U-
U-
U-
-hc
C L
L,,.
S---
0 CD -ci _
oI-
C -- T
- n -c - -
ci 1 c u
175
r-,L
ca
Lu
m
Lu
LA JLu.
r-I
Lu
u-I
Lu
Lu
u
o
c•
ii
L2
u
ok_
Lu
ci
cc5
>
c•
c3./
Ar
Ln(--D
L.CLaiCD0
CUcici
r &, i __
-I ) -
x x
CID
CCLJ
-- • > QJ -,_U OL-nCD-)9 Gf CD
CDL C- CD CD CCCD4qj -- -C C- D
SJ ._J -4-->
CO3D Ccn C CD
---- --- 
CD-) C)L-nmC-I~ 4-4- C-) ma - c r--
_-NJ CDC CD= C - D
C3D . CD D .Q CD C) C-
( 0 CD C ) C
cm) r-CD C 4 -D CD CD4- C CCi • -C-- CD - " -C-T)ai C5 LCr- QJ C3 --- -- L.Q rWz C rT-
=3 -C-> CD -- DiJ CJ
C G C I -- ý c1 C ClJ > cD
CD _D C D C-D C
CDCu -D -C CD CCD CD LCD :--> -D4-D --i4-> CD C jD LCDLCD
ci
a-
L I
Fnm -- CDC-D
x< xx
CD c
r-r o
Ja U C>- Qj CD
75 QJ QJ -- cnl-.4-> L
- E7 CD CQJQJ c_
CI0 CD C- 4E 7
C r CD -iL-4 j DD •CD a D -ý
C CC- O LJ C
C C-) - - CD CCD
-- Ln r 3L-- --C C-D L- -C- CD
CD 4--  C
D _ CD C-
L 4- LC~ CD
LL CD CD
176
La
Lii
4-4
C-
Ca
CD
cii
CD~
Ca
4-
a-
CD
CD
CD
il
C3L
Ccvl
CD
La
CD
4C3
CD)
U
C
CD
CU
CDCD
CD
a'
H
oL
LU
·4
r
uu
o
u
u
oL
a
~
_e
u
c
cJ
w
7
o
at
a_
_...
ii
z
•--
NU
C
~
o
o
m
z
oL
o
Elz
0l
-ý0
O
LrC
09
0i
CUC4
L~-I
177
g
[Y
[L
Lr-
L-Li
LMz
LW
LJ - Cl
m
~,,,
~xx
x
mLJ•ItJ•wDi
WL
w
178
r,
'
x
U"
CL
o% -==
CC CZ35
W Ca_
-1--) CD aCDCaj
C-~
C:,SL o
4-..- .-7'7' 7 7
CD
L-L
C5
C3
--r-- C
c r
ci
--- C-3
Ln Ln
CD C-3
179
- xD
I --
i+ -
\x
x
\180
LY•
Lr I
ry-
><><>
__L
>-<
CIL
L,: - - - - - - - - - - =TmmmT~
[\ )NN ýVýN wN\ \ s\m ýý # v.\ - w\ my w. W\ w wý wý wý v& ý \ n& ý, N& wk w\
a
Lu
OtCl÷_E:2
CD"U
u-
ajU'
C-3
CL•
cT
CI H- _OL m
~z cz
LFu
-- ,cnozo
Lu -LU - <
>< >< >
EL-
Er
LnEr
CLJEr
Er
Er
rr-1
LL
LJ
U
I I
EDZ
L--
N
u
c
a
o
o
o
i--
o
u
cs
L
a-
Cii
DoL z
w 3:
m1
LML- -j
Sx Lr-)
183
L-L-
CJý
Cl-I
[-
c~I
L1
i
e
UJ
z
oL
I
184
CU i
P
~n o
~J m
~OL
73 ~ 1= ~
Ca c~
o ooJ
o~r
~mua
cr, -o
cl ~;1
oruvl
LL O
UCm
aJ
- LD ~ C
L\ CO ~ CW C1
(flLUU
Z
~= m~
o
t
i '
oI
mr
Un
mr,
m
185
0Lj--)
ij~i
186
CY N DLU m-O
C7
j '' ''
,5=
xx
^
\\
CTD
187
LfD
C1
K>
(flW x
UZ
Ln
[Y 8LU \ C3
_1
1
w
~~x
xLl-3
OK
CO
CO
COj
Km
(-)
188
Km-ý
1 I
LU X
L Li OL ruL_.O
E22 • ,
i , i i i
7-
rx/
14
cm
rL
4->
CD 0
4->09CLJ
U -4->
-- CDrL cn
q.z
CD•
m
L.Lw
cm•25
Lr.
cm
189
lC:c
t--
[3L
cm
w
F-
N
C,
cm
cm7
OZ32
Z
cu
n
I I
x
x<
m
LCD
LLJ
1lw~
w
190
E1
I
ci
o
o
-lDC:CD
L--
L L
CD0
0
NC,
C
a
o
n
o
o
m
at
o
aJ
o
t
z
El_
c~ii,
LU t
X
CiD
CCN
CNJ
-I3 C
Ls•
xczm C:D>< ><x
NI
ir m
L i)
nv
wL
H-
H-
w
192
U-)
" 4- '-i I
I>C
xx
::,.<
I
ore;
OLC `J 4
C~ a
193
cC3
C)
U
o
B
r
f
r
u
L
u
w7
o
oL
a
Z
_C
LU L
L"-.--
-z IA L-L
Ln
-t
xW ~eUZ
[Y N DW ~~
_J
o
~ ' ' ' ' '
oo
c•
z
o
a o
~o- m- -  --•
ED
u
o
EDn -4->
(a j
C--
r ?
=I] J ¢
C- L-1E _
LLD CEED ED
ED) LiED
EJ
eLi C U
U
) 5 -4- >
L-n g
Cr-)
CO U
L-n
7 C
ED
ED) -- [ED EDl E
194
196
L-L
r-v
u
a,
oi
r
L
o
r
o1=
u
i
3
~I
t---
U
LU
-7
O
OL
L1
N
cl
CZK
Z
[D
r-1F --
u
zLU
i
a,
u
i
L~L
LU
r.
in
a
L
C]
>-
kIq
c:•
C
.,>
DLU
rm
4'
O
O
0
0
0h
OL
CL
i -I x
xU - -
CD
09
ac09
Co
0
r0
-c>
i [ I i
197
LED
___
;t,
oL1
o
u cu L-LEDC.3C n:1-9:
r 
-
L U
-- P- [ • / •-- z
- x
CZal r I xED -
>< a >-< >.ruz -L9ED - CD09 [ Zf
a
CU09
LJ
C-CU
CD
C309
-z::0L
CCU
CD
T
<CCU
09
I -
Z4r
o CL-
_lEr
CD L-
C • D (
c
Y
o
u
u
o
Y1
r
u
L
Ln
c
u
LU
O[Y(1
LaJ
-C
_• I
-.=•E I -,c
LU
Lnc
CC:LUxz
• , ir i
U
CU
C_
CD
LC/
CD
C-
C_
C
09
198
d
LL
O
m
LU
WI(fl
LUC
4
O
L
O
Cfl
u
LU
rS/
t
L
LCD
DC
K
K`
r
O
NU
CO
U
O
m
z
at
r,
C
C)
,-
c•
cD
LJ
m
2:'
w
199
mL
- _I-
L
ru
m
x
mf
L-I]
200
Z
;J4
t
o
;r
,,
v,
LU
C1L
I ~
I
CLL
r
La
c
r•
o
C
z
.TI.
201
in
o
o
c
t -t
I I
x
xx
xx
L____
C:
c
cJr
202
u
0-
4~
203
r-
7!
[71
00
DO,
204
F ---- -C-1i
I I~
r\ t
L•
o_
L-L
:r
:27
Oz
-C
ra
o
o
LU
Y
h
uw
z
•n
L•JC•
,
uz4
aL~:o~ill o
u
d "
~
~j~=x
v,
u
c
c
a,
Ln
o
c
H--
LULW013z
OZ
cm_
LI
_ LWL -
c
Z E-- <E
< L CV
u = =
m
L_
L7
>LLJcl
LW
LW1
LAW
L -
LW "C
205
F-
<C
•-4-CJcl,
crna 
_I- L L4- Co n-
-1= c(-, c
cm c F-
CDI)
ai
I
x
-1
I I
>x
206
-09
-09
cm
d-0
09
C-D
CL
crCD-V)
ww
- -CDZ
co
IC-C-3
-m
oJ
C:,
Ln C-
-4-
L
LJJ
CUa_
Me<
CL
L-
CLm
C
17
ct
N
CD
Z
O
m
Lz
cII
fli
Li)
ci-
w
Liij
L J
CC-
U , UZ
><>- ><::<
xx xx
Lln
CL
C_
C)
Cn
QJ
Ci-
207
GDii"
3~t=
i-
C1L
d
L1
I
OZ
c-:
:E::
j
cz_
ci-
mLLJ
II
Z
EZZ
Cf
208
nz
k- Cz
E),, ,-•
wL
-7l
_-,,,g
><-
m
t t
-xx
x
GD
GD
IL
zv
U-33C=c
cv.<
XX
209
Oz
cv
w
cv
cv
cv
w
cvý
Ln
r-
`8
C=q
c_
CD
CD
cD
SCn D
- cuO
cD CD C
CO C4
O - -i-
0 l- - _CDD CDCD CDý
CL C
> CDc < c  C-D
=
EQ
-U L J
CD0 C
Li
CD)
CD- C C-
LCD
C 
210
LCD
CDL
C-
H- D
CD1 H- XX
-j-
czz
o
i
x
x
o,
o
I ,
T ----
Li C
CD
CD
C-L
CD
C=U
--lE_
Cl
C-)
211 EL
El
El
El
El
El
jE
211
LrTC-\J
Lun --
÷, i
Lr-)C-\
xx
x
A.2 Nd:YAG Laser
212
Un
u~-
U-
Un
LL
m c
213
c_C
iin
0c
C
I,
CD
CDc
- c L I
C cn c CI
SLi W3 C>
_____ 
I
214
-~-n
r•
i
1
1- N ·- I I
i i
7-
Lu
0 C CCIL-C-fl
C Ln
0 O _
c _u c d-
Y L
LI LID LuID
LD
czC:D
-A
11)
215
1
I
ii
u i
___ u
C-DD
L D) C-
I
C
C
F--
GLD
0
0
C-
216
ChI
GD
GD
D
L__ CI.5
I·Ir -~
217
218
ý I I I I I ý I
_ U
219
220
1
Appendix B
Construction of the Swirl Chamber
B.1 Parts Machined by the Author
In order to maintain a tight budget, several of the swirl chamber parts were machined in-
house at the MIT student machine shop. Pictures of these parts are given in Figures C. 1 to
C.9. Poly vinyl chloride (PVC) was used for all parts except the optical viewing reservoir,
which was made from clear acrylic. Most parts were machined using a milling machine or
a lathe. A few of the more interesting points of the construction are mentioned here. First,
the large cylinder was made from a piece of a 15 ft PVC sewer pipe. A 2 ft length was cut
off and machined to the proper dimension with a 3 ft lathe. Second, the mandrel consists
of eight pieces of 1 in. thick PVC glued together. A rough cone was constructed with the 1
in. pieces. The cone was then machined on a lathe using a tool bit mounted on a swiveling
arm. Finally, the secondary flow reservoirs are made from the remaining 13 ft of sewer
pipe. The pipe was cut in half and end plates were machined on the 3 ft lathe.
221
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Figure B.1: Parts 1 and 2: the base and the large cylinder.
223
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Figure B.2: Part 4: The large rib.
Figure B.3: Parts 5 and 12: The small cylinder and the flange.
225
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Figure B.4: Part 7: The mandrel.
Figure B.5: Part 8: The Vanes.
227
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Fimiure R.6: The larpe rib. mandrel and vanes mounted together.
Figure B.7: Part 11: The viewing reservoir.
229
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Figure B.8: Part 13: The test section support.
Figure B.9: The orifice plate.
231
232
B.2 Parts Machined by Outside Shop
The following parts were machined by a local machine shop.
Figure B.1: Part 3: The lid.
233
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Figure B.2: Part 9: The contour to redirect flow.
Figure B.3: Part 10: The vane cover.
235
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Appendix C
Supplements to the PIV System
C.1 Hardware
The CAD drawings of the mount for the cylindrical lens and the galvanometer head
extender are given on the following pages.
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C.2 Laser Timing Program
The timing program written by Professor Hart is initiated by typing "laser" at the c:\
prompt on the IBM PS2. The program is written in Pascal. The main purpose of the pro-
gram is to control the CTM-05 timing card. All four timers are set with the program. The
first timer corresponds to the length of the Nd:YAG laser pulse. The other three timers
control the spacing between the three pulses. Because of the robustness of the program
and timing circuit, any combination the spacing between laser pulses can be accomplished
at the touch of a button.
{ $R-}
{$I-}
{$B+}
{ $S+
{ $N-}
{$L tpctm5}
{$M 65500,16384,655360}
Program QSwitch;
(**********************************************************************
(* QSwitch. PAS *)
(* Q-Switch Timing program for the CTM-05 Timer/Counter Board *)
(* D.P. Hart 07/14/94 *)
uses CRT; {unit declaration, contains readkey, clrscr and gotoxy
functions}
type
parray = array [0..15] of integer;
var key : char;
base_address: integer;
params : parray;
mode, flag : integer;
result : integer;
Num_Pulses : integer;
counter,i : integer;
delay : array[l..5] of word;
count array [1..5] of word;
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term_on_err : boolean;
function tp_ctm5(var mode:integer; var params:parray; var
flag:integer):integer;external;
{******************** procedure to report errors *****************
Procedure report_error;
Begin
clrscr;
writeln;writeln;writeln;
writeln(' CTM-05 error # ',result,' has occurred');
writeln(' as a result of the following parameters');
writeln;
writeln(' params[O] = ',params[0]);
writeln(' params[l] = ',params[1]);
writeln(' params[2] = ',params[2]);
writeln(' params[3) = ',params[3]);
writeln(' params[4] = ',params[4]);
writeln(' params[5] = ',params[5]);
writeln;
writeln(' DO NOT OPERATE LASER UNTIL THIS IS FIXED!!');
writeln;
write(' press any key to continue ...');
key := readkey;
term_on_err := true; (jump out of program on error)
End;
{*********************************************************************}
(Initializes the ctm-05 driver with the address of the board, this
must be done before
any other calls are made to the driver I
Procedure setmode0;
Begin
mode := 0;
flag := 0;
params[0] := base_address; (I/O base address)
params[l] := 1; {Fout divider ratio of 1)
params[2] := 11; (Fout source = F1 (1MHz)}
params[3] := 0; {compare 2 disabled)
params[41 := 0; {compare 1 disabled)
params[5] := 0; {time of day disabled)
result := tp_ctm5(mode, params, flag);
{ Set the ctm-05 counter mode registers using a for
loop to increment through the registers )
Procedure setmodel;
{We will set the counters to retriggerable one-shots (Mode R in the
243
Am9513 handbook)}
Begin
For counter := 1 to 4 do
Begin
mode := 1;
flag := 0;
params[O] := counter;{counter to initialize}
params[l] := 6; {active high edge gating}
params[2] := 0; (count on rising edge}
params[3] := 11; {input from Fl}
params[4] := 1; {enable special gate - retriggerable}
params[5] := 0; (reload from load register}
params[6] := 1; {count repetitively}
params[7] := 0; (binary count - not sure about this - load in
binary value?)
params[8] := 0; {count down)
params(9] := 5; (active low terminal count pulse}
result := tp_ctm5(mode, params, flag);
If(result <> 0) then
Begin
gotoxy(10,9);
writeln(' error initializing counter ',counter);
report_error;
End;
End;
End;
{*********************************************************************
{ procedure load_and_arm uses: mode 2 to disarm all 5 counters, mode 3
to load them, then mode 2 to arm them }
Procedure load_and_arm;
Begin
mode := 2;
params[0] := 6; ( disarm selected counters }
for counter := 1 to 4 do
params[counter] := 1; { select all counters }
result := tp_ctm5(mode, params, flag);
If (flag <> 0) then
Begin
writeln(' error disarming counters ');
writeln;
report_error;
End;
mode := 3;
For counter := 1 to 4 do
Begin
params[0] := counter;
{ load counter )
{counter number }
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params[l] := delay[counter]; { load desired delay I
result := tp_ctm5(mode, params, flag);
If (flag <> 0) then
Begin
writeln(' error loading counter ',counter);
writeln;
report_error;
End;
End;
mode := 2; { arm all counters I
params[0) := 3; { arm and load }
For counter := 1 to 4 do
params[counter] := 1; { select all
result := tp_ctm5(mode, params, flag);
If (flag <> 0) then
Begin
writeln(' error arming counters '
writeln;
reporterror;
counters I
End;
End;
{*******************************************************************}**1
Procedure Announce;
Begin
clrscr;
gotoxy(1,18);
writeln;
writeln(' System Parameters:');
writeln(' Laser Pulse Width = ',Delay[l],' usec.');
writeln(' Number of Pulses = ',Num_Pulses);
for i:=1 to Num_Pulses do
writeln(' Delay #',i,' = ',Delay[i+l],' usec.');
gotoxy(l,l);
writeln;writeln;writeln;
writeln(' Nd:YAG Q-Switch Laser Timing Program - Version 1.0, 7/16/
94');
writeln(' Uses CTM-05 Counter/Timer Board for pulsed laser control.
');
writeln;writeln;
writeln('
writeln('
writeln('
writeln('
writeln('
writeln('
writeln;
write(' Comma
Fl:
F2:
F3:
F4:
F5:
F10:
Run system test');
Set laser pulse width');
Set number of pulses');
Set pulse delays');
Activate timer');
Exit Program - Return to DOS');
nd: ');
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);
End;
{***************************************}
Procedure Pulse_Number;
Begin
clrscr;
Repeat
gotoxy(5,5);
write('Enter the number of pulses per laser flash [1-3]: ');
Read(Num_Pulses);
Until (Num_Pulses>=l) and (NumPulses<=3);
For i:=Num_Pulses to 3 do Delay[i+l]:=25000; {insure pulse delays are
set correctly)
Announce;
end;
{**********************************************************************}
Procedure Laser_Pulse Width;
begin
Delay[1]:=Delay[l];
clrscr;
Repeat
gotoxy(1,5);
write(' Enter the length of the laser flashlamp pulse in usec.
[200-20000]: ');Readln(Delay[l]);
Until (Delay[1]>=200) and (Delay[l]<=20000);
{0.2ms is the minimum flashlamp pulse
length 20ms the maximum}
clrscr;
writeln;writeln;writeln;
writeln(' Make sure the laser pulse width is set to less then,
',Delay[l],' usec.');
writeln;
writeln(' Check laser voltage - BE CAREFUL NOT TO BURN OPTICS BY
OPERATING AT TOO');
writeln(' HIGH OF ENERGY LEVEL!!! ');
writeln;
writeln(' The maximum average power output is 10 watts - ');
writeln(' monitor laser power meter to verify');
writeln;
writeln;
write(' press any key to continue ... ');
key := readkey;
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For i:=1 to Num_Pulses do (insure that all pulse delays are
set correctly}
If Delay[i+l]>Delay[l] then Delay[i+1]:=Delay[l];
Delay[l]:=Delay[l];
Announce;
end;
(*********************************************************************
procedure Pulse_ Delays;
begin
clrscr;
For i:=2 to Num_Pulses+l do
Begin
writeln;
Repeat
gotoxy(3,i+3);
write(' Enter the delay of laser pulse #',i-l,' in usec. [1-
',Delay[l],'): ');
Read(Delay[il);
Until (Delay[i]>=1) and (Delay[i]<=Delay[l]);
end;
Announce;
End;
{************************************
Procedure OpenScreen;
Begin
clrscr;
writeln;writeln;writeln;writeln;
writeln(' This program uses the CTM-05 Timer/Counter Board to control
the Nd:YAG ');
writeln(' KD*P Q-Switch. ');
writeln;
writeln(' ** Remember **');
writeln(' Connect the laser trigger pulse output to the
timer');
writeln(' and turn on the HV supply.');
writeln;
writeln(' CAUTION!!!! - Do NOT operate the laser unless you know
EXACTLY');
writeln(' what you are doing. Improper operation can result
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in damage ');
writeln(' to the Pockels Cell and the CD*A frequency-
doubler.');
writeln;writeln;
write(' press any key to continue ...');
key := readkey;
End;
{***********************************************************************}
Procedure System_Test;
Begin
Num_Pulses:=O;
delay[l]:=25000; {set for 25ms to ensure stored energy isn't
dumped I
delay[2]:=25000; (set for no pulse output on counters 2-41
delay[3]:=25000;
delay[4]:=25000;
setmodel; {Set up the counters to the correct operating
modes }
load_and_arm; {Load the counters with the pulse delays and
enable them )
clrscr;
Writeln;writeln(' SYSTEM TEST');
writeln;writeln;writeln;
writeln(' This is a test sequence to insure that the system is
functional. ');
writeln(' If this test fails, damage can occur if laser operation is
continued. ');
writeln;
writeln(' Set the laser to MINIMUM voltage with a SINGLE ims
pulse.');
writeln;
write(' press any key to continue ... ');
key := readkey;
If (termon_err <> false) Then
begin
clrscr;
writeln;writeln;writeln;
writeln(' An error has occured. DO NOT OPERATE LASER!');
writeln;writeln;
write(' press any key to continue ...');
key := readkey;
end
else
begin
clrscr;
Writeln;writeln(' SYSTEM TEST');
writeln;writeln;writeln;
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writeln(' Set the laser power meter to "Energy Per Pulse". ');
writeln(' Fire the laser and observe the output power meter. ');
writeln(' If ANY output power is observed, DISCONTINUE ALL USE
OF THE LASER! ');
writeln;
write(' press any key to continue ...');
key := readkey;
end;
Announce;
End;
Procedure Activate_Timer;
Begin
setmodel; (Set up the counters to the correct operating modes }
load_and_arm; (Load counters with the pulse delays and enable them}
If (term_on_err <> false) Then
begin
clrscr;
writeln;writeln;writeln;
writeln(' An error has occured. DO NOT OPERATE LASER!');
writeln;
write(' press any key to continue ...');
key := readkey;
end
else
begin
clrscr;
writeln;writeln;writeln;
writeln(' The system is now active. ');
writeln(' It will control the Pockels Cell from the laser Trig.
Pulse');
writeln;writeln;
gotoxy(1,18);
writeln;
writeln(' System Parameters:');
writeln(' Laser Pulse Width = ',Delay[l],' usec.');
writeln(' Number of Pulses = ',Num_Pulses);
for i:=l to Num_Pulses do
writeln(' Delay #',i,' = ',Delay[i+l],' usec.');
Repeat
gotoxy(1,9);
write(' press F10 to deactivate ...');
key := readkey;
Until Ord(key)=68;
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end;
mode := 2;
params[0] := 6; { disarm selected counters }
for counter := 1 to 4 do
params[counter] := 1; { select all counters }
result := tpctm5(mode, params, flag);
If (flag <> 0) then
Begin
clrscr;
writeln(' error disarming counters ');
writeln;
report_error;
End;
Announce;
End;
{******************* main program ***********************************)
Begin
term_on_err := false; (initialize error toggle}
OpenScreen; (Opening warning message}
base_address := 768; (location of counter/timer board in computer)
setmode0; {initialize counter/timer board }
If(result <> 0) then {check to see if all is well }
report_error;
System_Test; (Always check to make sure the laser system
is working correctly}
(Optics can burn if Q-Switch fails to function)
Laser_Pulse Width; (set the initial parameters}
PulseNumber;
Pulse_Delays;
Activate_Timer;
Repeat
key:=Readkey;
Case ord(key) of
59: System_Test; {F1 entered)
60: Laser_Pulse Width; {F2 entered}
61: Pulse_Number; {F3 entered}
62: Pulse_Delays; {F4 entered)
63: Activate_Timer; {F5 entered)
end; (case}
Until ord(key)=68; (exit program when F10 is entered}
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mode := 2;
params[0] := 6; ( disarm selected counters }
for counter := 1 to 4 do
params[counter] := 1; { select all counters }
result := tp_ctm5(mode, params, flag);
If (flag <> 0) then
Begin
writeln(' error disarming counters ');
writeln;
report_error;
End;
End. {Thats all folks!}
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